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Abstract: DUNE is a next-generation long-baseline neutrino oscillation experiment. It is expected
to measure, with unprecedented precision, the atmospheric oscillation parameters, including the
CP-violating phase dcp. Moreover, several studies have suggested that its unique features should
allow DUNE to probe several new physics scenarios. In this work, we explore the performances
of the DUNE far detector in constraining new physics if a high-energy neutrino flux is employed
(HE-DUNE). We take into account three different scenarios: Lorentz Invariance Violation (LIV),
Long-Range Forces (LRFs) and Large Extra Dimensions (LEDs). Our results show that HE-DUNE
should be able to set bounds competitive to the current ones and, in particular, it can outperform
the standard DUNE capabilities in constraining CPT-even LIV parameters and the compactification
radius Rgp of the LED model.

Keywords: neutrino mixing; DUNE; BSM

1. Introduction

Neutrino oscillation discovery [1] represented a milestone in the history of particle
physics. Indeed, the observation of this phenomenon unveiled that neutrinos have (tiny)
masses compared to the other fermions of the Standard Model (SM) of particle physics.
In addition, the small uncertainties achieved in the measurements of mixing angles carry
us into a precision era in the neutrino sector, thanks to an effort that lasted 25 years and
that has involved different particle sources: the Sun [2], the Earth atmosphere [3], nuclear
reactors [4] and accelerator facilities [5]. The oscillation parameters involved in solar
oscillation, namely the solar mixing angle 61, and the solar mass splitting Am3,, have
been precisely measured by several solar neutrino experiments and by a peculiar reactor
experiment: KamLAND [6-8]. The reactor mixing angle 613, instead, was discovered and
measured with an astonishing precision in 2012 [9], leaving the atmospheric oscillation
sector less constrained. Indeed, the mixing angle 63 is almost maximal (63 € [40°,50°] [10])
and suffers from the so-called octant degeneracy, which makes the determination of the
octant in which 6,3 lies (Higher Octant, HO, 63 > 45° or Lower Octant, LO, 6,3 < 45°)
very difficult to be determined. Moreover, according to the current neutrino oscillation
data, the atmospheric mass splitting Am3; has an absolute value 30 times larger than the
solar one and can still assume both positive and negative values. This is the so-called mass
hierarchy problem.

The solution to these long-lasting problems might be given by the next generation
of long-baseline (LBL) accelerator experiments. Such experiments are mainly sensitive to
the atmospheric neutrino frequency and employ a well-known, focused, artificial muon
neutrino flux coming from an accelerator facility. The two experiments that are expected
to start their data-taking in the current decade are T2HK in Japan [11] and DUNE [12] in
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the USA. The importance of such experiments lies not only in the solution of the octant
and hierarchy problems but also in their unprecedented capabilities to measure the CP-
violating phase dcp, for which T2K and NOvA [13-15] have provided a first (weak) signal.
Even though both experiments will be sensitive to the same neutrino oscillation regime,
DUNE will have the advantage of running with a broad-band beam, allowing observation
of neutrinos whose energy extends beyond the first oscillation maximum. To go even
higher in energy, the possibility of using a high-energy (HE) neutrino beam in DUNE has
been widely discussed. This would allow, for instance, collection of the largest v, event
sample ever observed [16]. In recent years, a large number of studies have shown that the
employment of this particular flux might be extremely useful in exploring tiny new physics
effects in neutrino oscillation in the presence, for instance, of sterile neutrinos, non-unitarity
of the PMNS matrix, Non-Standard Interactions or quantum decoherence [16-21]. In this
context, the advantage of using the HE flux lies in the fact that some models predicts new
effects enhanced by neutrino energy. The extremely large collectable sample of events in all
neutrino flavors provides a unique tool to study these energy-enhanced new physics effects.

In this paper, we explore and discuss the DUNE capabilities in its HE configuration to
measure the new physics parameters involved in neutrino oscillation in three particular
models: the Lorentz Invariance Violation (LIV), the Long-Range Forces (LRFs) and the
Large Extra Dimensions (LEDs) models. In the first two cases, the Lagrangian interaction
is supplemented with additional operators whose coefficients must be bounded from
above, while in the last case, the space-time framework is enlarged by at least one spatial
dimension (experienced by right-handed neutrinos only) whose radius belongs to the
sub-millimeter range. Even though such new physics models have been investigated by
other authors in the literature, our results show that the bounds that HE-DUNE can set on
the model parameters are comparable with the existing ones and, for the CPT-even LIV
parameters and for the radius of the LED model, can outperform the capabilities of the
standard DUNE setup.

The paper will be organized as follows: in Section 2, we will describe the DUNE
experiment and its HE configuration; in Sections 3-5, we discuss the LIV, LRF and LED
models, respectively. Finally, in Section 6, we draw our conclusions.

2. The DUNE Experiment and the High-Energy Flux

The DUNE (Deep Underground Neutrino Experiment) experiment is a proposed
long-baseline experiment in the USA [12,22-24]. The near detector complex, composed
of different multi-purpose near detectors [25] as well as the accelerator facilities, is being
built at Fermilab; on the other hand, the 40kt LAr-TPC detector will be located in South
Dakota, roughly 1300 km away from the neutrino beam source. The on-axis neutrino beams
will be mainly composed of v, or 7, depending on the current circulating in the focusing
horns; this will allow the experiment to run in both neutrino and antineutrino modes. The
main purpose of the experiment is to precisely measure the oscillation parameters in the
atmospheric sector. In particular, DUNE is expected to reach a great sensitivity to the mass
hierarchy and an unprecedented sensitivity to the 63 octant. Moreover, the experiment
is also designed to maximize the sensitivity to the PMNS matrix phase dcp. In order to
perform such a measurement, the proposed neutrino flux is a broad-band beam that peaks
at around 2.5 GeV so sit at the first atmospheric oscillation maximum. This should allow
observation of not only a huge sample of v, events (O(10%) per year) but also several v,
appearance events (O(10%) per year) [12,22-24]. A very intense flux of v, will also arrive at
the far detector; however, given the Charged Current (CC) v; interaction energy threshold
(3.1 GeV), only a minor fraction of these events might be observed. To overcome this
problem and observe a larger number of T neutrinos, a broader, high-energetic flux peaked
at around 5 GeV has also been considered by the DUNE collaboration [26-28]. The main
disadvantage of using this flux is that the performances in measuring standard oscillation
parameters are poorer [16]. However, other than collecting the largest v, sample ever
obtained (O(10?) in a year [16]), as already mentioned, the employment of such a flux has
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been demonstrated to be very promising in constraining new physics scenarios [16-19].
Thus, a high-energy flux run, at least in addition to the standard DUNE one [18], might be
extremely useful to provide unique information in the context of neutrino oscillation. In
this work, we focus on the capabilities of the DUNE experiment to probe some beyond-
the-Standard Model (BSM) theories that make an imprint on the neutrino oscillation
probabilities, taking full advantage of the high-energy flux. From now on, we will refer to
this DUNE configuration as HE-DUNE. In order to make a comparison with the standard
DUNE results, for the HE-DUNE, we will use the same efficiencies, energy resolutions and
systematic uncertainties provided by the collaboration for the standard DUNE [29,30]. In
order to include the possible effects of the v appearance in constraining the new physics
parameters space, we follow [16,18]. In particular, we make the hypothesis that the HE-
DUNE might be able to observe 30% of the v; events with subsequent T — e decays and
30% of the v; events with subsequent hadronic T decays. The systematic uncertainty for this
channel has been set to a conservative 25% normalization error!. Misidentified vy, Ve and
NC events have been considered as a background to the v; channel, according to [16,18].

The total running time for HE-DUNE has been fixed to 5 years in neutrino mode and
5 years in antineutrino mode. Finally, the whole analysis has been carried out neglecting
the events observed at the near detectors and considering the final 40kt far detector for all
the 10 years of data taking.

3. The Lorentz Invariance Violation Case

The Lorentz invariance is one of the fundamental symmetries of the SM and it is
related to the space-time structure. The other essential symmetry of the quantum field
theory is the CPT symmetry”. Since the SM fails to unify all the forces governing the
Universe, it has been taken into account the possibility that the SM is an effective theory
of a wider framework that unifies not only electromagnetic and weak interactions, but
also strong interactions and gravity. The energy scale of such a general theory should be
the Planck mass (Mp~10'° GeV). In these SM extensions, CPT and Lorentz symmetries
might be violated [31-40]; in particular, it has been shown that CPT breaking always leads
to Lorentz Invariance Violation (LIV) as well [34]. Neutrino experiments could be able
to probe LIV through suitable modification of the oscillation probabilities induced by the
presence of new terms in the full theory. In the next subsection, we will show how the
neutrino probabilities can be affected by LIV.

3.1. Theoretical Framework

In the presence of LIV, the neutrino Lagrangian density term can be written as [38,41,42]

L= 398~ M+ Q) +he, 1)

where 1 is the neutrino fermionic field and the effect of the LIV is encoded in the generic op-
erator Q. If we restrict ourselves to renormalizable Dirac couplings, the Lorentz Invariance
violating Lagrangian terms can be written as [42,43]:

1 - - . v -
LUV = 3 (ﬂzlgllla’)’ylpﬁ + bgﬁl/’uc’YS'Yyl/Jﬁ - ICgElPaWaleﬂ - ld%lp“'mr)/ﬂa‘/lpﬁ) the. (2)

The first two terms are CPT-odd, while the third and the fourth terms are CPT-even. Thus,
the LIV effect in the interaction Hamiltonian can be encoded in two Hermitian matrices:

dZ/a =(a+ b)Z,3 and C”Z; =(c+ d)zg . 3)

These matrices modify the standard neutrino oscillation Hamiltonian by adding a new
term Hj v to the vacuum and matter contributions:

Hv = Hmn + Hae + HLIV ’ (4)
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where, as usual,
0 0 0
1 2 + :
Hp = EU 0 Amz 0 |U and He= V2GFN,diag(1,0,0) . )
0 0 Am
Here, E is the neutrino energy, Amlzj =m? — m]z» are the neutrino mass splittings, U is the

neutrino mixing matrix, which depends on three mixing angles (61, 613 and 6,3) and one
complex phase dcp, Gr is the Fermi constant and N, is the number density of electrons
in the medium traversed by neutrinos. The term Hy corresponds to the well-known
Mikheev-Smirnov-Wolfenstein (MSW) mechanism [44].

The last term Hpjy is the one induced by the LIV. On a general ground, it reads
Hywy = 1/E(a*py — & pyupy), where p,, is the neutrino four-momentum. However, focus-
ing only on time-like LIV matrix components (¢, v = 0) and considering a Sun-centered
isotropic inertial frame (see [43] for details), the Lorentz Invariance Violation effects are
governed by the parameters dg g = fap and 62% = cyp- Being elements of Hermitian matri-
ces, diagonal (4, ¢) 4 are real, while off-diagonal (a, c),p are complex parameters uniquely
determined by their moduli, which we denote as (4, c), B and their phases @, B- Thus, the
LIV Hamiltonian reads:

Aee  Oey  Oet 4 Cee  Cey  Cer
* *
Huy = | ey @up apr | — gE Cou  Cup Cpt (6)
ar. “Zr arr oy c;‘lT Crr,

where, as already mentioned, a,4 (c4p) are CPT-odd (CPT-even) LIV parameters. Notice
that the factor —4/3 comes from the fact that the trace of ¢ is not observable and its diagonal
space components must be related to its 00 component [43]. It is worth to mention that a,4
matrix has a similar structure to the propagation Non Standard Interaction (NSI) matrix.
Even though there exists a direct correspondence between NSI and LIV parameters, it is
important to notice that the two models affect neutrino oscillation in a different way: while
NSIs necessitate neutrinos to travel through a matter medium, LIV modifies the oscillation
probabilities also in vacuum [41,42,45,46].

Another important aspect of LIV effects is that the CPT-even ones are amplified by
neutrino energy. For this reason, we expect a high-energy flux for the DUNE experiment to
be more efficient in constraining them. From now on, we will only focus on the off-diagonal
LIV parameters since they affect the most oscillations of neutrinos in a long-baseline
experiment, as we will discuss below.

In order to have a feeling of the effect of the LIV on the oscillation parameters, we can
write the correction to the v, — v, and v, — v, SM probabilities at the first order in 4,4

and c,g as [41]°
PV ~2Ls13sin 26,3 sin A{]—"e;, [ — co3sin Asin(dcp + Pep )+

2 .
§5, SiN A
+e23 (232 + cos A) cos(b¢cp + (foli)] + (7)
C53 A

in A
+ Fer |:Sz3 sin A sin(5cp + (Dg‘[) + 823 <SIZ — COS A) COS(5cp -+ q)g"[):| } ,
where s;; = sin6;;, ¢;j = cosb;;, A = Am%lL /4E with L is the distance travelled by the
neutrino and finally J, is either [a,g| or —4/3E|c,g| (the related phases are indicated with

D,p). It is clear that the leading corrections to the standard Py, are driven by the e — y and
e — T LIV parameters. For the muon neutrino disappearance, instead, we obtain [41]:

1
P~ sin? 2053 |2 sin? 63 — 2L sin 2053 F 08 Py ®)
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the main dependence on the LIV parameters is given by a,,¢ (cur)".

Several bounds on the LIV parameter have been obtained using long-baseline accelera-
tor neutrinos [41,42,46-58], short baseline accelerator neutrinos [59,60], reactor
neutrinos [61,62], solar neutrinos [63], high-energy astrophysical neutrinos [64-67] and
atmospheric neutrinos [68-71] (see also [72,73] for reviews on this, and other, new physics
models). Since we are interested in the DUNE experiment performances with a high-energy
flux, in the following, we summarize the bounds that DUNE in its standard configura-
tion [23,24,30] might set on off-diagonal LIV parameters. In [41], the authors found, at

95% CL:
|agu| < 1.00 x 1072 GeV, |ceu| < 0.66 x 1072,

laer] < 1.05x 1073 GeV, |cer| < 1.65x 10724, )
layr| <126 x107%2 GeV, |[cur| <0.97 x 1072,

which are one order (two orders) of magnitude stronger than the bounds predicted from
the current LBL experiments NOvA and T2K on CPT-violating (CPT-conserving) LIV
parameters in Ref. [41] 5. For aey and aer, the authors of [41] observed that there exists
a strong correlation among them and the standard 6,3 and écp. This allows for a second
minimum in the sensitivity analysis and thus weaker bounds on the parameters; however,
given that we fix the atmospheric mixing angle to the lower octant, we will not be able to
observe such a behavior. Neglecting this degeneracy, the standard DUNE limits obtained
in [41] for aey, and aer are stronger than the ones in Equation (9) and are as follows:

|aeu| <3.0x107%* GeV,

(10)
laer| < 45 x1072* GeV.

3.2. HE-DUNE Results

The HE configuration of the DUNE experiment, as already discussed in Section 2,
might allow accelerator neutrino energies from roughly 1 to 15 GeV. In Figure 1, we show
the electron appearance (left) and muon disappearance (right) oscillation probabilities with
and without LIV. Black lines depict the SM oscillation probabilities computed using the
best fits summarized in Table 1 [10,74]. Red lines have been obtained setting CP-odd LIV
parameters a,y, der, ayr to 2.0 X 10~3GeV in top, middle and bottom panels, respectively.
Orange lines show the effect of cey, cer, cyr with a magnitude of 1024, We also considered
two extreme values of the corresponding LIV phase ®,5, namely 0° (dashed lines) and
90° (solid lines). The benchmark values of the LIV parameters have been chosen of the
same order of magnitude as the DUNE limits obtained with the standard neutrino flux.
The shaded regions correspond to the unoscillated standard (grey) and HE (green) DUNE
fluxes in arbitrary units. It is clear that in the appearance case, the most important CPT-odd
LIV parameters are a., and 4.z, as clearly visible in Equation (7). From the same equation,
one can observe that, at the first oscillation maximum, the correction proportional to g,
is positive for both considered values of the LIV phase; on the other hand, it has a plus
(minus) sign for &, = 90° (P.r = 0°) when the 4. parameter is taken into account.
Regarding CPT-even LIV parameters, their effects on P, become more important for higher
neutrino energies, above ~ 4 GeV. Such an energy is located at the high-energy tail of the
standard flux and at the peak of the HE flux. For this reason, we expect HE-DUNE to be
more sensitive to energy-enhanced CPT-even LIV parameters than DUNE in its standard
configuration. We also observe that the most relevant parameter in this case is cy,.

For the disappearance probability, as already mentioned and explicitly shown in
Equation (8), the most important LIV parameters are a, and c,. In Figure 1, we can
also observe a slight sensitivity of this channel to the e — y parameters, especially in the
high-energy region mostly covered by the HE-DUNE.



Universe 2024, 10, 357 6 of 24

Table 1. Best-fit value of the neutrino oscillation parameters in the standard three-flavor scenario.
The values of the mixing angles and the mass splittings and their 1¢ uncertainty intervals are taken
from Ref. [10].

Oscillation Parameters (3v) Normal Ordering (NO)
01, 33414073
o, 227}
6, 555°01]
= 22t
Am3, (eV?) 7417020 < 107>
Am3, (eV?) +2.507 19026 x 1073

We now study the performances of DUNE in its high-energy configuration in con-
straining the LIV parameters. In order to perform our numerical analysis, we used the
GLOoBES software v3.2.18 [75,76] and its new physics tool [77]. All the results have been
obtained using a Poissonian x? defined as:

2

- i O; a

2 i
= E 21(14+a)T; —0; +0;log ——— | + — 11
X (/\/a) = (( a) i i i10g (1 IZ)TZ') 02 ’ (11)

where A is the set of input oscillation parameters, 0, is the normalization error, 7 is the
number of energy bins that we fixed to 80 [30], O; are the observed rates and T; are the
theoretical rates employed in the fit. The systematic uncertainties are included using
the pull method described in [78,79]. The validity of our analysis has been tested by
reproducing the standard DUNE results on standard [30] and non-standard oscillation
physics [41,80-82]. Moreover, we checked that the number of events obtained with the
DUNE high-energy flux was consistent with the one cited in [16].

In Figure 2, we show the allowed 1,2,3 o contours in the a,5 — @4 (top) and ¢, — Py
planes (bottom). All the analyses have been performed fitting the data obtained using the
SM parameters scanning over the LIV parameters one at a time. When computing the Ax?,
defined as:

Ax? = XZ(aaﬁ/caﬁ #0)— xz(aaﬁ/caﬁ =0), (12)

we fix all the not-showed LIV parameters to zero and we marginalize in the fit on all the
oscillation parameters but the solar ones; we use Gaussian priors with the 1o uncertainties®
as summarized in Table 1 for 6,3, 613 and Am%1 while leaving dcp free to vary in all its
[0,277)° range. The red lines in the bottom plots corresponding to a,r (cyr) depict the effect
of the inclusion in the analysis of the v; appearance channel. We have verified that, as
expected, in all other LIV parameters, the effect of the v; appearance sample is marginal, a
situation very similar to that discussed in [16,18], where a non-negligible impact of the v,
events was observed in the u — T sector only in the context of propagation NSI.
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Figure 1. v, appearance (left panels) and v, disappearance (right panels) probabilities in the presence

of off-diagonal CPT violating and conserving LIV parameters. In particular, the top, middle and

bottom panels show the effect of ey (cey), aer (cer) and ayr (cyr), respectively. Black lines correspond
to the standard oscillation case and red (orange) lines to the probabilities obtained for 2,5 = 2 x 10~23
GeV (cpp = 1.0 x 10~24). Solid and dashed curves depict the effects of LIV phases (generically
indicated ®) when ® = 90° and ® = 0°, respectively. The grey and green shadowed regions
illustrate the standard and the high-energy DUNE flux.
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Figure 2. 10 (dotted), 20 (solid) and 3¢ (dashed) allowed contours in the |aaﬁ\ — D4 (left panels) and
|ca/5\ — @,z planes (right panels) for HE-DUNE. The red curves in the bottom panels depict the effect
of the addition of the v; appearance channel in the analysis.

The 95% limits on the moduli of the LIV parameters, obtained after marginalizing over
the corresponding phases, are summarized in Table 2. We observe that by fixing the octant
and thus neglecting the degenerate LIV solutions found in [41], the HE-DUNE limits on
the [a.4| parameters are weaker than the standard DUNE ones. This mainly comes from
the fact that the v, appearance probability (strongly affected by |a.s|) and consequently
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the number of v, events is larger at the first oscillation maximum than at the HE-DUNE
energies. On the other hand, the limit on |a,¢| is one order of magnitude more stringent in
the HE-DUNE case due to the larger number of v, disappearance events. However, notice
that this oscillation channel is strongly affected by the atmospheric mixing angle and by
matter effects [83]; thus, the different procedure used in the LIV analysis in Ref. [41], where
63 has been left free to vary in its 3¢ allowed range, might have amplified the differences
between their standard DUNE and our HE-DUNE results. In fact, we checked that using
our same minimization procedure, the standard DUNE bound on |a;| would only be worse
than the HE-DUNE one by a factor of 2. The interplay between the magnitude of the LIV
parameters and their phases is mostly visible in the case of 4, since the v;, disappearance
probability is directly proportional to |a,:|cos @ at the leading order. For this reason,
the sensitivity is substantially worse when cos ®,:~0. When considering the other two
parameters 4.4, the strong correlations between the new physics phase and the standard
phase dcp make the interpretation of the results as a function of ®,g less clear. However,
it can be seen that the limits on [a.4| are only marginally impacted by the value of the
LIV phase.

As for the HE-DUNE limits on the CPT-even c,g LIV parameters, as expected, they
are better than the standard DUNE ones since their effects are amplified by the neutrino
energy; the only exception is given by c.r, which, for ®.:~90°, experiences a worsening in
the sensitivity; indeed, as can be seen in Equation (7) and Figure 1, the probabilities when
D, ~90° are very close to standard ones. Also in this case, except for ¢, (see Equation (8)),
the role of the LIV phase on the |c,g| limits cannot be easily understood from analytical
formulae, but our numerical results show that the limits on |ce,| and |c.;| do not drastically
depend on the new @, phase value.

Table 2. The 95% bounds on the LIV parameters obtained for HE-DUNE. The upper limits have
been obtained marginalizing over the LIV phases. The numbers in brackets refer to the foreseen
improvement due to the addition of the v; appearance channel in the analysis.

95% CL limit (X10~24 GeV) 95% CL limit (x10~2%)
ey <5.1 Cep <0.43
et <9.3 Cet <2.23
Ayt <1.12 (<1.0) Cur <0.66 (<0.64)

4. The Long-Range Forces Case

As is well known, the neutrino flavor transition can be strongly affected by the pres-
ence of a matter medium, which can induce an effective potential modifying the interaction
Hamiltonian. However, the presence of BSM interactions between neutrinos and ordinary
matter particles can in principle modify the matter potential term in the neutrino Hamilto-
nian. This is the case, for instance, of the widely studied vector and scalar Non-Standard
Interactions (NSIs) [21,84-92]. Another interesting and less studied example is provided by
the Long-Range Forces (LRFs) [93-102], which will be described in detail in this section.

4.1. Theoretical Framework

The SM gauge group can be extended by the anomaly-free combination of the U(1)
symmetries Le, L, L and B associated with lepton family number and baryon number.
These combinations can be, for instance, L, — Ly, Le — Ly and L, — L [103-105]". Other
combinations have been discussed in the context of neutrino oscillation in [97]. The gauge
boson of these symmetries is a massive neutral vector Z' that can mediate new physics
interactions between neutrinos and matter. In the case of a large mediator mass, it is possible
to study its effect in an Effective Field Theory (EFT) approach, which results in neutrino
propagation affected in a vector NSI fashion. If, on the other hand, the mediator is extremely
light, the flavor-dependent interaction forces between neutrinos and matter might become

important over large distances. Given the huge interaction distance, proportional to /\Nmz/l,
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the matter potential term affecting neutrino oscillation will depend on the matter contained
within a radius A.

Let us first discuss the new interactions arising from these additional symmetries. In
addition to the interactions mediated by the SM Z boson, for an L, — Lg symmetry, new
Lagrangian terms for the Z'-induced interactions can be written as:

Ly = g;ﬁz;l(l_a'y}‘l,x — IgyHlg + Doy PLva — gy Prug) (13)

where v, and I, are the neutrino and the charged lepton fields and P; is the left-handed
projection operator. There also exists a Z — Z’ mixed term Ly that can introduce new four-
fermion interactions proportional to the coupling g/, ﬁ(é‘ — sin By x ), where ¢ is the rotation
angle between the gauge bosons eigenstates, x is their kinetic mixing angle and 6y is the
usual Weinberg angle [98]. This term allows not only neutrino-lepton new interactions
but also new contributions to the neutrino—nucleon scattering. However, since, at large
distances, L7 > Ly, the mixed term is important only in the L, — L case, for which
neutrino—electron scattering mediated by Z’ is prohibited.

All these new interactions involving Z’ induce a Yukawa-like potential coming from
electrons and neutrons in the Universe which can affect neutrino oscillations [109,110]. For
a neutrino at a distance d from a source of a number N, of electrons and for an L, — Lg
symmetry, it can be written as [81,96,98]:

e Mz (14)

N,
— 2 e
Vep = Cep 4

Under the L, — L; symmetry, instead, the LRF effect comes from the mixing between zZ!
and the SM Z boson. Considering the Universe to be neutral, the net potential, in this case,
is only due to a N, number of neutrons, which generate a potential of the form:

2 e Ny,
HT sin By cos Oy 4md

Vi = e Mzd (15)

where e is the electric charge. The effective coupling G, is the equivalent of the coupling
g pin the case of an L, — Lg symmetry while, for the L, — L, it is related to the Lagrangian

parameters through the relation G, = \/ g (6 —sinbyyx).

Let us now consider the effect of LRF on the neutrino oscillations. In general, as previ-
ously mentioned, the neutrino propagation Hamiltonian always contains the vacuum and the
standard matter potential terms shown in Equation (5). The effect of the potential V,g is to
add a new contribution of different structures depending on the considered symmetry:

VE]/[ 0 0 Vg-[ 0 0
HLRF = 0 _Vg’,{ 0 for Lg_LV, HLRF = 0 0 0 for Lg_LT,
0 0 0 0 0 —Ver
(16)
0 O 0
HLRF - O ‘/HT 0 fOI' LH - LT'
0 0 —Vi

Notice that the matrices in Equation (16) are similar to the standard matter potential; the
main difference between the usual MSW contribution and the LRF one is that the former
is a contact potential due to a very massive mediator (the SM Z boson) while the latter
encodes the effect of distant electron and neutrons sources on neutrino propagation due to
an extremely light mediator (the Z’) with a very large interaction length.

The computation of the oscillation probabilities is very cumbersome. In fact, in order
to have observable effects of the long-range potentials, we need the quantity 2EV,z to
be comparable to the vacuum oscillation frequency (Am3, /2E for LBL experiments); this
implies that V, 5~VCC~10’14 eV, where V¢ is the usual matter potential term. Since both
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potentials must be included in the evaluation, this produces very lengthy expressions for
the transition probabilities. An example of analytical treatment of LRF has been carried
out in [96,99,111,112]. Notice that, in principle, LRF probabilities can also be deduced
from those computed in the presence of diagonal NSI parameters [96,110,112]. From them,
one can recognize that there exists a particular value of the neutrino energy for which
a resonance occurs; in the case of L, — Lg symmetries, and neglecting the solar mass
difference contribution, this condition reads [99,111]:

Am%1 cos 2613

Eres = .
T 2V +3Vig

(17)
This means that the matter resonance occurs in the presence of LRF at lower energies with
respect to the standard MSW case. As in the LIV case, LRF has been widely studied in the
literature in the context of neutrino oscillation. Limits on the LRF potentials and on the ef-
fective coupling appearing in V,Xﬁ were obtained, for example, in [41,81,96,97,100,113-119].

Focusing on the DUNE performances, the Fermilab-based experiment might set the follow-
ing 95% CL limits on the LRF potentials [81]:

Vo <19 x 107 eV
Vir <13 x107 % eV (18)
Vir <0.82x10 ™ eV,

The strongest limit can be put on V), because it strongly affects the disappearance channel,
which has huge statistics in DUNE.

4.2. HE-DUNE Results

In this section, we will explore the capabilities of HE-DUNE to constrain the LRF
potential and the limits it might set on the strength of the new forces as well as on the
new mediator mass. First, in Figure 3, we plot the effect of long-range potential on the
appearance and disappearance probabilities at the DUNE baseline.

0.18 1.00
016 Vs = 1.3 x 1078V 0.90 ’ f\
0.14 0'80[ \
0.70
~ 012 HE Flux || ~ [
S S 060} |
1+ 0 1 050
S 008 S g0
& 006 =
0.30
|
0.04 0.20
0.02 0.10¢
N )
0.005= 2 3 4 5 6 7 0.00%=5 2 3 4 5 6 7
E [GeV] E [GeV]

Figure 3. Same as Figure 1, but for the Long-Range Force case. Left (right) plot shows the v,
appearance (1, disappearance) probability. The red, magenta and orange curves refer to the L, — L,
Ly — Ly and L, — Ly cases, respectively. The potentials V, B have been fixed to 1.3 x 10~ 13 eV.

The LRF potentials V,z have been set to 1.3 x 10713 eV to show their effects when the
LRF is of the same order of magnitude as the standard matter potential. It is clear that the
appearance probability is enhanced at the first oscillation maximum for all three cases due
to the LRF-potential-induced resonances. In particular, V,; has the strongest effect while
Ve has the mildest one. At higher energies, important for HE-DUNE, we observe that
the V),r decreases the appearance probability while V,r and V,, increase it. On the other
hand, the disappearance probability is enhanced at its first minimum, with V,,+ having the
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biggest impact for energies above 2.5 GeV. Notice that V., has only a negligible effect on
the disappearance probability.

Using the procedure described in Section 3.2, we estimated the bounds that HE-DUNE
might be able to set on the LRF potentials. In Figure 4, we show the sensitivity to the three
Vip as obtained from Ax? as:

Ax* = x*(Vap #0) = x*(Vap = 0). (19)

We summarize the HE-DUNE 95% CL limits in Table 3. Comparing them with those in
Equation (18), we observe that the HE-DUNE could set bounds on Vg and V), which are
20% and 35% weaker than the DUNE ones, respectively. The reason is that, even though
the effect of matter potentials is in general increased for large neutrino energies, long-range
potentials cause low-energy resonances in neutrino oscillation probabilities, which can be
probed better at the standard DUNE energies.

10

sz

146  —144  —142 ~140 ~138 <136 <34
Potential, Logio (Vag/eV)

Figure 4. HE-DUNE sensitivity to the LRF potentials. Red, magenta and orange lines correspond to
the L, — Lr, L, — Ly and L — Ly, cases, respectively.

Table 3. The 95% CL limits on the Long-Range Force potentials obtained by HE-DUNE.

VE]l Ver V;u'
95% CL limit <24x107 1 ev <158 x 10~ eV <123 x 1071 eV

One might use Equations (14) and (15) to find constraints to both the effective Z’
coupling and its mass. Following Refs. [81,109], if we want to consider all the matter
content of the Universe, we need to take into account neutrinos from matter sources away
up to 10% Gp, which corresponds to a Z’ mediator mass in the range 10~ °~1073% V. Thus,
we are dealing with an effective potential whose most important contributions are:

Vtxﬁ = (Vucﬁ>Earth + (szﬁ)Moon + (Vaﬁ)Sun + (szﬂ)MilkyWay + (szﬂ)Cosmol . (20)

In Equation (20), we consider the Moon and the Sun as point-like electron and neutron
sources, with (Ne)moon = (Ni)Moon~5 % 10* and (N )sun~4(Ny)sun~10%7 [81]. On the
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other hand, we modeled the Earth as a continuous distribution with the same average
density such as (N;)garth = (Ni)garth~4 x 10°1; for the Milky Way, we divided the matter
content in a thin disk, a thick disk, a central bulge and a diffuse gas, following the reasonings
on Refs. [109,120,121], with (N¢)milky Way = (Nn)MﬂkyWayN].O67. Finally, the cosmological
matter has been included in computing the whole potential described in [109] at redshift
z =0 as suggested in [81]; the total number of electrons and neutrons in this case has
been fixed to (Ng)cosmol~10(Ny)cCosmol~107?. Once all the contributions to the long-range
potential are estimated, one can constrain both mz and G, using the limits on V4 in
Table 3. Our results are shown in Figure 5 for the three cases L, — L, (green line), L, — Lt
(blue line) and L, — L. (red line). In the upper part of the plot, we show the interaction
length 1/my: corresponding to the given mediator mass. The grey vertical bands show the
parameter space excluded by two phenomena [81]: black-hole superradiance and weak
gravity conjecture. The former is related to the superradiant growth of an accumulation
of very light vector bosons around extremely massive and gravitational bounded objects
like supermassive black holes [122]. The latter is related to a lower limit which might be set
on the coupling in theories containing both gravity as the weakest force and a U(1) gauge
interaction [123].

We can observe that, at the specific distance at which the electron and neutron biggest
sources are located, the limits on the effective couplings become stronger. In particular,
for mediator masses lower than 10733 eV, which correspond to roughly 10 Gpc (where
the causal horizon is located), the bounds on Gaﬁ become as low as 2.1 x 102 for G,+,
2.6 x 1072 for Gy, and 7.5 x 10~% for Gr. The latter is the weakest limit since it depends
on N, which is smaller than N, for cosmological and solar matter, despite corresponding
to Vy,r which is the potential bounded the most by HE-DUNE.

Interaction range, 1/m/, [kpc]

10° 10° 107 107 10711 1071
Causal horizon  Distance to GC D@) | R
10—25 |
@ 10—26 ]
3
© o
2 3
£ 107% 2]
E 727
3 s
S o
v 2
2 10728 g |
o o
£ o
u 3
107 2 ]
10 . |
Weak gravity conjecture || 5

10“35 o I10“36 - IlO“25 — .10._2:[.)5 = 1101‘152. . iO‘lO
Mediator mass, my [eV]

Figure 5. The 95% CL excluded regions in the mz — G, plane, fixing the LRF potentials to the 95%
CL HE-DUNE limits showed in Table 3. See text for details.
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5. The Large Extra Dimensions Case

Neutrino oscillation is not predicted in the original version of the SM since the Higgs
mechanism is not capable of providing non-zero neutrino masses and their smallness, com-
pared to the other fermions, is difficult to contemplate in a theoretical general framework.
These difficulties can be overcome by several BSM models [124,125]; among them, the
Large Extra Dimensions (LEDs) theory [126-133] not only provides a viable framework
but also supplies an explanation for the enormous difference between the Electroweak
and the Planck scale [134,135]. The main idea is to introduce sterile right-handed neutrino
fields, which are singlet under the SM group but propagate in a 4 + Ngp dimensional space-
time, where Ngp is the number of space-like extra dimensions. Usual Yukawa Lagrangian
terms can then be built using left-handed neutrinos and Higgs fields which live in the
usual 4-dimensional space-time. However, the masses coming from such terms are heavily
suppressed with respect to other fermion masses due to the much smaller wave function
normalizations in the large volume of the extra dimensions. In the following, we will
explore the phenomenological implications of the existence of LED on neutrino oscillation.

5.1. Theoretical Framework

Following the approach proposed for neutrino oscillation studies in the context of
LED [82,136-146], we will focus on Ngp = 1; this single LED is compactified on a circle
of radius Rgp and, for the sterile neutrinos, this gives rise to Kaluza—Klein (KK) modes
in the 4-dimensional space-time. It is also possible to consider the presence of more extra
dimensions, whose compactification radius is much smaller than Rgp without changing
the effect of LED on the neutrino oscillation. The model is built by adding three massless
five-dimensional fermion fields ¥* = (¢, %) to the SM. After the compactification of
the fifth dimension with the proper boundary conditions, the ¥* fields appear in the
4-dimensional space-time as an infinite tower of KK states 1", where n is any integer

number. Identifying the zero mode as the right-handed neutrinos v& = 5 ©
“(n (IIJL R )y l[JL )/\[ [82], the neutrino mass term is [82,127,130,134]:

and writing

Ligp = maﬁ (vRvL +2 Z vR 1/L> + Z . Rep vR( )I/L( ) + h.c., (21)

, . T
where m wp is the Dirac mass matrix. Rewriting the mass eigenstates as N* = = (vl(o), 1/’(1), .. ) ,

then L) gp can be written as Zi:l NIZ2 MIN’L, where the infinite mass matrices is:

m; \/Eml- \/Emi o \/Em,-

0 1/Rep 0 0
M; = 0 0 2/Rgp ... 0 o, (22)
0

0 0 n/RED

in which the m; are the eigenvalues of the neutrino Dirac mass matrix m? wp in Equation (21).
The neutrino mixing among the active states is then defined by Equation [82,145]

3 )
=Y Uy ¥ V™, 23)
i=1 n=0

where U is the PMNS mixing matrix and V is the effective mixing matrix among the KK
excitations. Its elements can be written as:
2
(Vin)? = — , (24)
1+ m2(miRep)* + (A; )/ (miRgp)?
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with )\f”) being the eigenvalues of the matrices R, M M; that can be found as solutions of
Equation [82,127,130,137,145]

/\l(n) - H(miRED)Z CO'L‘(T[/\Z(”)) =0. (25)
) _

i i

< (n+1/2), we can roughly say

Notice that the masses of the KK states are in this case m )/ REgp; since the so-

(n)

i

lutions of Equation (25) satisfy the relation n < A
that ml(")wn/ Rep [82]. Once we fix the experimental observation of the mass splittings
to be equal to the differences Am3, = [()\éo))2 - (Ago))Z]/R%D and Am3, = [(/\go))2 -
(Ago) )?]/R% 5, we are left with the standard three neutrinos mixing modified by the effect
of the mixing between the active neutrinos and an infinite number of sterile neutrinos. The
only non-standard parameters of the model are then the compactification radius Rgp and
the smallest Dirac mass m;. The oscillation probabilities can be obtained, in a vacuum, as

3 o (ﬂ’l (”) )2 L

Py =Y. Y UiUgViexp| —i—L—— (26)
i=1n=0 2E

where L is the baseline. In the limit m;Rgp — 0, we observe that ml(”) — oo for n # 0 and

Vin — don, making the oscillation phenomenology identical to the standard one.

It has been shown that, apart from the appearance of new matter resonances at high
neutrino energies [136] (E > 1 TeV), the LED phenomenology does not change significantly
if we include more than two KK modes. Indeed, higher modes would imply larger masses
mgn) and smaller matrix elements V;,, [145]. Thus, one might study neutrino oscillation
in the presence of LED including in the model only a limited number of KK modes. In
this context, it is possible to treat the LED case with a number nxx of KK modes as a
3 4 3nky sterile neutrino model [82,136], where all the non-standard mixing angles and
mass splittings can be written in terms of the two LED parameters®.

The expression of the oscillation probabilities in the LED case is very cumbersome;
however, in the limit m;Rgp < 1, some expansions for the mass eigenstates and mixing
matrix elements have been obtained in Refs. [131,145]:

7.[2
ml(o) = m; |:1 — —(miRED)Z + .. :| ~ m;

6
2
(m _ n [, (miRep) _.n
e L S T PV
7 )
Viozl—?(miRED) ol

R Rep)? ‘R
v, =2 ED[1_3(mz ;SD) _i_“lN\/imz ED
n 2 n n

(27)

from which it is clear that, as already mentioned, the corrections to the standard oscillation
case become negligible as 7 increases.

The complete picture of neutrino oscillation in the presence of LED is obtained when
matter effects are added. Then, the oscillation probabilities can be obtained by solving the
Schroedinger-like evolution Equation [82]

.d 1
TN = oE

nx1 Onxn,

3
. i 0
MJMZ-NI»+angrgo< Pij 1X”>NJ» (28)
j=1

where the N; infinite vector of neutrino states and M; matrices have already been defined
in Equation (22) and above, while the quantity p;; is defined as
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pij = ) Upilluj(daeVee — Vine), (29)
o

with U being the standard 3 x 3 PMNS matrix, Vec = v/2Grn, the usual matter potential
and Vyc = —2v/2Gpn, the neutral current matter potential that can no longer be neglected
due to the presence of sterile states.

The limits that current experiments could set on the parameter space in the LED
case have been discussed, for instance, in Ref. [145]. Notice also that the short baseline,
reactor and gallium anomalies, which have been explained with the presence of light sterile
neutrinos, could be explained in the presence of LEDs [82,142,145]. In the context of the
future DUNE experiment, the expected performances of the experiment have been explored
in detail in Ref. [82]. The upper limits on the Rgp parameter depend on the lightest neutrino
mass value; in particular, in the scenario when m; — 0 eV and the probabilities only depend
on Rrpp, we expect for DUNE at 95% CL:

Regp < 0.32 um, (30)
while for m7~0.05 eV, we expect
Rep < 0.22 um.. (31)

On the other hand, it is impossible to set an absolute limit on m; unless data are generated
considering Rpp # 0; in that case, DUNE might set a lower limit on the absolute neutrino
mass [82]°.

5.2. HE-DUNE Results

In this section, we discuss the effects of LED at HE-DUNE. For the v, appearance
and v, disappearance probabilities (see Figure 6), we consider as a reference two possible
lightest neutrino masses m1, namely 0.0 and 0.05 eV. For the compactification radius, we
choose 0.5 um, which corresponds to Rgll) = 0.38eV~L. In our computations, we included
three KK modes, even though we checked that our results were only negligibly affected by
the inclusion of the second and third KK modes. From Figure 6, we see that the main effect
of LED is the occurrence of new fast oscillations driven by the large mass splittings between
the active states and the heavy KK excitations. The amplitude of the oscillations depends
on the values of the Vj;, matrix elements. In addition, the presence of LED decreases both
the appearance and disappearance probabilities at the first oscillation maximum since
the value of Vjj is always less than 1; see Equation (27). Moreover, at a fixed Rgp, the
probabilities in general decrease as m; increases. The differences between probabilities
around the first oscillation maximum (DUNE) and the high-energy region (HE-DUNE) are
mainly due to the fact that fast oscillation driven by KK becomes slower and with a larger
amplitude when the neutrino energy increases. For this reason, with high-energy neutrinos,
it might be possible to resolve these oscillations allowing for better constraints on the LED
model [73].

In Figure 7, we show the allowed parameters space in the Rgp — m; plane in the
HE-DUNE case. The analysis has been performed using the procedure described in the
previous two sections. Here, we can see that at 20 the weakest limit for Rpp reached for
mq — 0is 0.258 um. This constraint is better than the standard DUNE one. As noted
above, one of the main reasons for that is the possibility of recognizing fast oscillations at
higher energies, where they occur with a smaller frequency with respect to the lower energy
region probed by standard DUNE. Another interesting feature is that for m; < 0.04 eV, the
HE-DUNE constraint on Rgp becomes independent of the lightest neutrino mass. This
means that if m is, for instance, 0.05 eV, then the standard DUNE experiment outperforms
HE-DUNE (see Equation (31)).
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—Standard oscillations
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Figure 6. Same as Figure 1 but in the Large Extra Dimension case. Red (orange) curves have been
obtained fixing Rgp = 0.5 pm and m; = 0.0 eV (m1 = 0.05 eV).
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6. Conclusions

Neutrino oscillation is the best-established phenomenon beyond the Standard Model
of particle physics. Despite several experiments that have been able to measure the os-
cillation parameters with a few percent uncertainty, there are still some unknowns like
the neutrino mass hierarchy and the amount of leptonic CP violation (if any). Moreover,
oscillation searches are of great interest since several new physics models can affect neu-
trino propagation and thus modify the related probabilities. Future oscillation facilities are
expected to reach great precision in the measurements of the mixing parameters; at the
same time, they could provide a great probe for new physics models involving neutrinos. In
this work, we considered the capabilities of the high-energy flux configuration of the future
DUNE experiment (HE-DUNE). The possibility of employing this broad neutrino flux,
which might reach more than 15 GeV in energy, has been envisaged in order to have access
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to v, — vz oscillations, which could not be easily observed with the standard DUNE con-
figuration due to the energy threshold of CC v; interactions. In addition, HE-DUNE could
in principle also be very useful to constrain new physics scenarios where the non-standard
oscillation effects are more pronounced at high energies. Among them, Non-Standard
Interactions, sterile neutrinos, non-unitarity of the PMNS matrix and quantum decoherence
have already been studied in the literature [16-21].

In this work, we considered three different new physics models:

. Lorentz Invariance Violation (LIV): in this model, the neutrino Lagrangian density is
modified through several Lorentz-violating operators, both CPT-even and CPT-odd.
The presence of such operators modifies the neutrino propagation Hamiltonian with
the addition of two Hermitian matrices 4,5 (CPT-violating) and c,p (CPT-conserving).
The effects of the second matrix increase linearly with the neutrino energy. We studied
in Section 3.2 the sensitivity of HE-DUNE to the off-diagonal LIV parameters. We
found that the limits on the moduli of CPT-violating parameters |a,4| are worse than
the ones that the standard DUNE is expected to set. On the other hand, HE-DUNE
capabilities should exceed the standard DUNE ones in constraining energy-enhanced
effects of CPT-conserving LIV parameters |cyp/-

* Long-Range Forces (LRFs): in this model, we expect that new interactions with
an ultra-light mediator, with a very long interaction length, arise from a gauge U(1)
symmetry of the form L, — Lg. These interactions can modify the matter potential term
in the neutrino oscillation Hamiltonian. We showed that the limits from HE-DUNE
on this new potential are rather stringent but not enough to overcome the standard
DUNE ones. We also computed the limits on the coupling of the new interaction as
well as on the mass of the new mediator. These are correlated with the interaction
length since, depending on that, neutrinos might experience the potential generated
from various astrophysical matter densities.

e Large Extra Dimensions (LEDs): if right-handed neutrinos are singlets under the
SM group, but they can propagate in space-time with more than four dimensions,
the smallness of neutrino masses can be naturally explained. In the case in which
one of the new dimensions is compactified in a sphere with a relatively large radius,
the Kaluza—Klein excitations of the neutrino states can be treated as sterile neutrinos
involved in the oscillation. In this approach, the transition probabilities depend not
only on the standard mixing parameters but also on the smallest Dirac neutrino mass
and on the compactification radius Rgp of the large extra dimension. We showed that
the limit that HE-DUNE might set on Rgp, for small enough lightest neutrino mass, is
better than the standard DUNE one. This is because the fast active-sterile oscillations
coming from the Kaluza—Klein states might be resolved better at high energies than at
lower ones.

In conclusion, the DUNE high-energy flux might be useful not only to collect a large
sample of v, events but also to set stringent limits on new physics parameters. This
suggests that an HE-DUNE run could provide much information on the BSM neutrino
physics, which are complementary to the standard DUNE ones.
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Notes

1

For the other two oscillation channels, namely v, appearance and v, disappearance, the collaboration suggested 2% and 5%,
respectively.

In Quantum Field Theory the CPT theorem states that the combination of the discrete transformations “Chargeconjugation” (C),
“Parity” (P) and “Timereversal” (T) must be a symmetry of the theory.

The LIV probabilities shown here have been obtained in [41] neglecting also terms proportional to a? and asin 13 where
o = Am3,/Am3,.

4 The v appearance probability can be obtained from unitarity and the leading term will be the one depending again on a;r (cut)-
5 Notice that limits from the more energetic atmospheric and astrophysical neutrinos on CPT-even LIV parameters are more
stringent than the DUNE ones due to the dependence on the neutrino energy of their effect on the oscillation probabilities.

6 In our analysis, we assume that the octant of 63 is known; in particular, as suggested by global fits in [10,74], to lie in the lower

octant.

7 In [106-108], it has been shown that L, — Lﬂ gauge symmetries can predict viable neutrino masses and mixing with the addition
of Higgs-like particles charged under the new symmetries.

8 Notice that a general model with sterile neutrinos cannot be mimicked by a LED model in general; for instance, the presence of
Large Extra Dimensions does not generate new sources of CP violation, unlike the sterile neutrinos hypothesis [21,82].

? In [73,146], DUNE analyses have been repeated using a different experimental configuration; they found weaker limits on Rgp.
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