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ABSTRACT: Neutrino oscillations constitute an excellent tool to probe physics beyond the
Standard Model. In this paper, we investigate the potential of the ESSnuSB experiment to
constrain the effects of flavour-dependent long-range forces (LRFs) in neutrino oscillations,
which may arise due to the extension of the Standard Model gauge group by introducing
new U(1) symmetries. Focusing on three specific U(1) symmetries—L, — L, Le — L., and
L, — L., we demonstrate that ESSnuSB offers a favourable environment to search for LRF
effects. Our analyses reveal that ESSnuSB can set 90% confidence level bounds of V¢, <
2.99 x 107 eV, V., < 2.05 x 1074 eV, and Vir < 1.81 X 10~ eV, which are competitive
to the upcoming Deep Underground Neutrino Experiment (DUNE). It is also observed that
reducing the systematic uncertainties from 5% to 2% improves the ESSnuSB limits on V3.
Interestingly, we find limited correlations between LRF parameters and the less constrained
lepton mixing parameters fo3 and dop, preserving the robustness of ESSnuSB’s sensitivity
to CP violation. Even under extreme LRF potentials (V,5 > 1073 eV), the CP-violation
sensitivity and dcp precision remain largely unaffected. These results establish ESSnuSB as
a competitive experimental setup for probing LRF effects, complementing constraints from
other neutrino sources and offering critical insights into the physics of long-range forces.
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1 Introduction

The discovery of neutrino oscillations [1-4] has provided compelling evidence for physics
beyond the Standard Model (SM), opening new avenues to explore new fundamental inter-
actions and forces. The unique properties of neutrinos, including their elusive nature and
tiny masses, make them an excellent probe to detect even the most subtle signatures of
new physics. The neutrino experiments with their increasing precision are now sensitive to
sub-leading effects due to potential non-standard interactions (NSIs), offering an indirect
hint of new particles and forces not predicted by the SM.

In the standard scenario, the interaction of neutrinos with matter is described by the
so-called Mikheyev—Smirnov—Wolfenstein (MSW) mechanism, which results from coherent
forward scattering of neutrinos with ambient matter [5]. In this seminal paper, Wolfen-
stein also proposed the possibility of NSIs!, which have been extensively studied in the
literature [11-16].

'In this manuscript, we will focus on new interactions mediated by vector bosons. There exists other
forms of such interactions with different Lorentz structures [6—10], which physics signatures are however
different from the ones discussed here.



In this work, we focus on another kind of such a new leptonic neutrino-matter interac-
tion known as the long-range force (LRF), which may be flavour-dependent and mediated
by light vector mediators [17-21]. This is particularly intriguing since their effects can ac-
cumulate over astronomical distances, making them distinct from other NSIs. For instance,
the matter content within astrophysical objects (Sun, Earth, Milky Way, etc.) can act
as a source of LRF potential. These interactions significantly modify the probabilities of
neutrino oscillations by introducing new potential terms in the Hamiltonian for neutrino
propagation [22|. Such interactions originate by extending the SM gauge group with ad-
ditional anomaly-free U(1) symmetries associated with lepton numbers L, L, L, and the
baryon number B. We consider the three possible combinations of lepton flavours of symme-
tries [23-26]|, for example, L, — L,,, L — Ly, L, — L,. These symmetries are also important
for generating neutrino masses [27-29]. The constraints on the LRF parameters have al-
ready been obtained from solar [30-32|, atmospheric [33] and astrophysical neutrinos [34, 35]
2. In Ref. [36], a global analysis of three-flavour oscillation data has been performed in the
presence of flavour-dependent long-range interactions. Furthermore, the effect of LRFs on
long-baseline (LBL) neutrino experiments has been explored in Refs. [37-40].

A key objective of present and future neutrino oscillation experiments [41-44] is the
precise determination of the leptonic CP-violating phase dcp. The European Spallation
Source (ESS) neutrino Super-Beam ESSnuSB [45] is a next-to-next-generation long-baseline
neutrino oscillation experiment designed to achieve this goal. Located in Sweden, ESSnuSB
will produce a high-intensity muon neutrino beam using a 5 MW proton beam from the
upgraded ESS facility in Lund [46, 47]. The neutrinos will be detected by a water-Cherenkov
detector situated 360 km away from Lund at the mine in Zinkgruvan. By focusing on
the second oscillation maximum in the appearance probability P,., ESSnuSB is uniquely
positioned to provide a precise measurement of dcp. Currently, ESSnuSB is at the stage
of preparation of a second conceptual design report to be followed by the development of
a technical design report. This will help to plan the construction and data collection at a
later stage [48, 49]. In the present work, we perform the first comprehensive study of the
impact of long-range forces on the physics sensitivities of the ESSnuSB experiment. We
derive bounds on the LRF potentials and the associated coupling parameters, comparing
them with those achievable in the next-generation LBL experiments DUNE and T2HK. In
addition, we investigate the effects of LRFs on the measurement of dcp by ESSnuSB. Our
analysis demonstrates that ESSnuSB’s long baseline and high precision make it an ideal
facility for probing the subtle effects of LRFs, offering sensitivity that surpasses those of
some existing experiments.

This paper is organized as follows. In Section 2, we provide a brief overview of the
theoretical framework of LRFs in neutrino oscillations, focusing on the three U(1) symme-
tries under consideration. Then, in Section 3, the description of the ESSnuSB experiment

2Most works on LRFs in neutrino oscillations take into account specific models or mediator mass ranges.
The only model-independent constraints on the LRF potentials from existing experiments come from high-
energetic neutrinos observed at IceCube [35] and of O(107'° eV). These bounds are much tighter than the
ones expected at terrestrial experiments due to energy-enhanced effects of LRFs. However, it is still worth
exploring the bounds of accelerator experiments that employ a well-known and controlled neutrino beam.



and other simulation details are provided. Next, in Section 4, we compute the transition
probabilities and generate the event plots in the presence of LRFs for ESSnuSB. In Section
5, the sensitivity of the ESSnuSB experiment to constrain the LRF potentials and new
coupling parameters are presented. Especially, Subsection 5.1 deals with some interesting
correlations of LRF potentials with 623 and dcp. Furthermore, in Section 6, the impact
of LRFs on the measurement of dcp is discussed, which is followed by a precision study
of CP violation (CPV) in Section 7. Finally, in Section 8, we summarize our findings and
conclusions.

2 Theoretical formalism

Neutrino flavour transitions are significantly influenced by the interactions between neu-
trinos and the ambient matter as they propagate from the source to the detector. These
interactions induce an effective potential in the Hamiltonian interaction [5]. In standard
scenario, neutrino-matter interactions occur through Charged Current (CC) and Neutral
Current (NC) mechanisms. While standard NC interactions are flavour-universal and do
not impact neutrino oscillations, possible Beyond Standard Model (BSM) neutrino-matter
interactions could introduce new potential terms that significantly alter neutrino propaga-
tion. Long-range forces are one such case, which may affect the measurements of neutrino
oscillations in long-baseline experiments.

2.1 Long-range forces from new U(1) symmetries

This can be envisaged by the extension of the SM gauge group SU(3)¢ x SU(2)p x U(1)y
with the minimal particle content by introducing the anomaly-free combination of the U(1)
symmetries Le, L,,, Ly and B associated with the corresponding lepton numbers and baryon
numbers. There are three possible lepton flavour combinations, for instance, L. — Ly,
L.—L;, L,— L; , which can be gauged anomaly-free with the particles already present in
the SM3. In principle, these extra symmetries cannot reproduce the neutrino observables
[51, 52|; however, with the addition of Higgs-like particles [27-29], neutrino mixing and mass
prediction can be reconciled. In addition, they induce a new flavour-dependent neutrino-
matter interactions mediated by a new neutral gauge boson Z’, and if the mediator is ex-
tremely light, the resulting forces might become significant over very large distances. The
magnitude of the LRFs depends upon the matter contained within the radius R,, ~ 1/mz
which acts as a source of new potential.

The Lagrangian corresponding to the new interactions between a neutrino field v, and
a charged lepton field [/, mediated by a new gauge boson Z’, for the combination of U(1)
symmetry L, — Lg, is given by

Ly = g;BZ; (Zavpla —1g7°1B8 + Vo’ PLve — DﬁfprLyﬁ) , (2.1)

3In addition to these combinations, LRFs can also arise from other new U(1) symmetries, as discussed
in Ref. [50]. The corresponding ESSnuSB constraints on certain textures are provided in Appendix A.



where 9/04/3 denote the dimensionless new gauge couplings and Py, is the left-handed pro-
jection operator. It is to be noted that the (radiative) mixing [53, 54] between Z and Z’
can also induce such long-range interactions, whose strengths are proportional to the cou-
plings g, B(f —sin 6, X) [53], where the quantity x is the kinetic mixing parameter between
Z and Z' |53, 55|, the quantity £ is the rotation angle between mass and flavour bases of
the gauge bosons and 6, is the Weinberg angle. In Fig. 1, we show the NC-like neutrino
interactions mediated by Z’ boson which can modify the oscillation probabilities; the left
(right) diagram refers to the L. — Lg (L, — L) case, see the following section for details.

Vo Vo
Gy
Z/
(5 — sin equ)
7
9z
Lo, u,d Loy, d Lo, u,d Loy, d

Figure 1: Feynman diagrams of the new neutrino-matter interactions mediated by the new
Z' neutral vector boson. The left diagram represents the interaction in the L. — Lg case, while the
right diagram represents the interaction contributing to neutrino oscillations in the L, — L. case, where
the mixing between the Z boson and the new Z’ is needed. Here, gz refers to the usual Z boson coupling
with leptons and quarks.

2.2 Modified Hamiltonian due to long-range interaction potential

Assuming the three new U(1) gauge symmetries L, — L, Lo — L and L, — L, that induce
new neutrino-matter interactions, the effective Hamiltonian for neutrino propagation in the
flavour basis is

. 0 0 0 100
Helt = 55 |V |0 Am3, 0 U £Vee [000] £V, (2.2)
0 0 Ami 000

In the above expression, U is the standard Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
mixing matrix in vacuum, and Vpo = V2G N, is the usual matter potential term due
to the CC interactions of neutrinos with matter?. The signs of Voo and Vap are positive
(negative) in the case of neutrino (antineutrino) oscillations. The neutrino energy is denoted
by E, and N, is the electron number density. The contribution due to the long-range
interaction is given by the new potential V3 which, for the three different symmetries, can
be written as

4NC interactions in neutrino propagation do not contribute to the oscillation probabilities in the usual
three active neutrino framework. It is worth to mention that, in presence of sterile neutrinos or other
forms of new physics, they could affect the matter-induced modifications of the vacuum neutrino oscillation
probabilities [56—63].



diag(Veu, —Veu,0), for Lo — L,
Vap = { diag(Ver,0,—Ve,), for Le — Ly . (2.3)
diag(0, Vj;r, =Vr), for L, — L,

The specific form of the LRF Lagrangian generates a Yukawa-like potential with an inter-
action length inversely proportional to the mediator mass [34, 64|. Under transformations
of the symmetry L. — Lg, where 3 = p, 7, this potential will be sourced by a population of
electrons N, located at a distance d from the neutrinos on Earth and is given as [34, 39

Veg = G2 Ne e mzd

2.4
B 4nd ’ (2:4)

where G is the effective coupling (which corresponds to géﬁ in Eq. (2.1), my is the mass
of new mediating gauge boson Z’. For L, — L, the LRF is originated from the mixing
between new gauge boson Z’ and the SM gauge boson Z [54, 65]. In this case, assuming
the Universe to be electrically neutral, the new potential experienced by neutrinos is only
due to its interaction with N, number of neutrons which is given by [65]

e N,
V. =G? n o—mgd 2.5
ur M7 sin 0, cos 0y, Ard© ’ (2:5)

where e is the electric charge. For the L, — L; symmetry, the effective coupling G, is

related to the coupling g, as G = \/g;”(f —sinfy,X) [53].

It is worth mentioning that the structure of the new interaction potential is very similar
to the standard matter potential except for the fact that in the former case, the mediator is
extremely light (Z'), while in the latter case, the mediator is very heavy (the SM Z boson).
For this reason, LRFs can introduce new resonances in the transition probabilities at lower
energies than the usual MSW resonance [5] such as [37, 38|

_ Am3, cos 26,3

Fros = : 2.6
T 2Vee + 3Vieg (26)

for the L, — Lg case. No resonances are expected in the L, — L; scenario [50, 66]. How-
ever, deriving expressions for neutrino oscillation probabilities in the presence of LRFs
is cumbersome and not very enlightening. In some works, the “effective” mixing angles
and mass-squared differences are computed using particular approximations and assump-
tions [37, 39, 40]. It should be noted that, at the Hamiltonian level, the effect of long-range
forces is the same as the effect of flavour conserving vector NSIs [40, 62, 64, 66]. As it
can be noted from analytical expansions presented in Refs. [6, 67], the flavour conserving
vector NSI parameters appear in the oscillation probabilities as sub-leading effects in the
v, — Ve channel and at the first order in the v, — v, channel. However, given the presence
of the new resonance in Eq. (2.6) in the v, appearance probability and since to be sensitive
to LRF parameters we need V,g of the order of the standard matter effect, the overall
effects of LRFs cannot be fully understood from analytical expansions in small new physics
parameters. In this work, we discuss the LRF effects on the probabilities only numerically
in Sec. 4.1.



3 Simulation details of the ESSnuSB experiment

To generate the probability spectrum, analyze event rates, and perform sensitivity studies
of ESSnuSB in the presence of LRFs, we employed the GLoBES software [68, 69]. We
introduced modifications to the probability engine to incorporate new potential terms due to
the LRF as a new physics effect and then carried out numerical computations to obtain event
rates and y? values. The experimental configuration and parameters for ESSnuSB used in
our study are based on the ESSnuSB Conceptual Design Report [47] and were therefore
implemented in GLoBES.

In particular, we considered a water Cherenkov far detector with a fiducial volume
of 538 kt, positioned in the mine at Zinkgruvan, 360 km away from the neutrino source
at ESS in Lund. A powerful linear accelerator (linac) will deliver 2.7 x 10?3 protons on
target per year, with a beam power of 5 MW and a proton kinetic energy of 2.5 GeV. We
adopted updated neutrino fluxes, peaking at approximately 0.25 GeV, and applied updated
migration matrices for event selection, as outlined in Refs. [47, 70]. The energy spectrum
in the [0, 2.5] GeV range was divided into 50 bins for event calculations.

Our analyses included both the appearance (v, — v.) and disappearance (v, — v,)
channels and their CP-conjugate transitions, and accounted for all the relevant backgrounds.
We assumed systematic errors of 5% for signals and 10% for backgrounds unless otherwise
stated. The total exposure time assumed for the far detector is 10 years, equally divided
between 5 years of running the neutrino beam and 5 years for the antineutrino beam.

4 Investigating LRFs at probability and event levels

In this section, we first examine how the appearance and disappearance oscillations prob-
abilities of muon neutrinos are influenced by the presence of a new interaction potential,
Vag, sourcing the LRF at the ESSnuSB energies. Subsequently, we analyze the expected
total event rates under the inclusion of LRFs in the theoretical framework. Unless stated
otherwise, we adopt the best-fit values for the standard oscillation parameters from NuFIT
5.2 [71, 72|, which incorporate Super-Kamiokande atmospheric data and these parameters
are summarized in Table 1. For this analysis, we focus solely on the normal mass ordering
(NO) for neutrinos, in line with the global fit preference for NO [73-77], which might also
be suggested by recent DESI-BAO cosmological results [78|.

4.1 The v, — v, and v, — v, oscillation probabilities

In Fig. 2, we display the plots for neutrino oscillation probabilities, computed numeri-
cally in the presence of LRF potentials, V,3, as a function of neutrino energy relevant
for the ESSnuSB experiment. To show the impact of LRF potentials, we set their values,
Vap = 1.3 X 10713 eV, which is of the same order of magnitude as the standard matter
potential [39, 62]. The top (bottom) panel is presented for the neutrino (antineutrino)
oscillation probability. The left (right) panel depicts the effect of V3 on the appearance
(disappearance) channel. In each panel, the solid curves denote the standard probabilities



Oscillation parameters (3v) | Normal ordering (NO)
012(°) 33.41707)
023(°) 422111
013(°) 8.58701
dcp(°) 23273
Am3, (eV?) 7417520 x 107°
Am3; (eV?) +2.50715:055 x 1073

Table 1: The best-fit value of the neutrino oscillation parameters in the standard three-
flavour framework assuming normal mass ordering of neutrinos (NO). The values and their
1o uncertainty intervals used in our calculations are taken from Ref. |71], which is the NuFit
5.2 data presented in 2022.

without V,g, while the dashed, dotted and dash-dotted curves refer to potentials, Vg,
corresponding to the three different symmetries, L, — L,, L. — L, and L, — L., respec-
tively. Moreover, two extreme values for dcp have been chosen, corresponding to the case
of maximal CP violation (dcp = —90°, black curve) and vanishing CP violation (6cp = 0°,
red curve). To show the energy region relevant for the ESSnuSB experiment in each figure,
we also superimpose the ESSnuSB flux multiplied by the charged current (CC) neutrino
cross-section.

From Fig. 2 (top left), we observe that the neutrino appearance probability, P, is
enhanced around the first oscillation maximum in all three cases due to the presence of
LRF potentials, whereas for antineutrino case, the appearance probability (bottom left),
15#6, is suppressed. This is because the sign of LRF potential is flipped (Vog — —Vap)
for the antineutrino case, similar to the standard matter potential. However, around the
second oscillation maximum, the appearance probability increases for both the neutrino
and antineutrino cases. For the neutrino appearance probability, P, the first oscillation
maximum also shifts towards lower energies for all three cases of LRF potentials, V3. We
also notice that the effects are more significant for the LRF potential V., (dotted curve),
whereas V,,, (dashed curve) affects mildly. The disappearance channel, on the other hand,
is less affected by V3 compared to the appearance one for all three cases. In particular, at
the first oscillation minimum, the effect of V¢, is larger for neutrinos (top right), while for
antineutrinos (bottom right), the effect is more visible for pur and er cases. However, given
the much larger expected v, number of events at the far detector, the small disappearance
probability modifications due to LRFs are crucial in constraining LRF potentials, V3.

4.2 Event rates in the presence of LRFs

In order to make an initial guess about the limits that ESSnuSB would set on LRF parame-
ters, V3, we plot the total number of neutrino appearance (and disappearance) events as a
function of the LRF parameter for 10 years of running, 5 in neutrino and 5 in antineutrino
mode. The potential, Vg, is varied from 1071 eV to 1072 eV. The results are presented
in Fig. 3, where the left panel is for the appearance of electron neutrino events and the
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Figure 2: Appearance (left panel) and disappearance (right panel) neutrino (top panel) and
antineutrino (bottom panel) oscillation probabilities as functions of neutrino energy in the
presence of LRF potentials, Vo5 = 1.3 x 107 eV. The dashed, dotted and dashdot curves refer
to the Le — Ly, Le — Ly and L, — L, cases, respectively. The blue curve in each plot represents the
flux x cross-section in the regions relevant for the ESSnuSB experiment.

right one refers to events corresponding to the disappearance of muon neutrinos. The black
curves in each plot depict the case of maximal CP violation (6cp = —90°), while red curves
refer to the case of CP conservation (dcp = 0°). The features observed in the discussion of
the probabilities can be directly translated into these plots. Indeed, in each case, we can
observe a transition from the standard case (without LRFs) to the LRF-dominated case.
The transition begins for values of LRF potentials, V.3, for which the correction in the stan-
dard probability due to the presence of LRFs overcomes the standard matter probability.
A rough estimate of the constraint on V4 that is obtainable from the ESSnuSB experi-
ment can be derived directly from Fig. 3, V3 < 10713 eV; indeed, for larger potentials the
expected number of events is much larger than the one expected in the case V,3 — 0. How-
ever, the detailed y? analysis illustrated in the following section reveals stronger and more



precise bounds on the LRF potentials. It can be observed from Fig. 3 that for V., in the
appearance case and V., in the disappearance one, the number of events increases for both
values of dcp. The v, disappearance events, however, decrease in the range 10~ —10713
eV, with V5 under transformations of the L. — L, and L, — L, symmetries.
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Figure 3: Total expected number of events is plotted as a function of LRF potential for the
ESSnuSB experiment for two choices of dcp = 0 and —90°. Appearance events are shown in the
left panel and disappearance events in the right panel.

5 Constraint plots for ESSnuSB

In this section, we explore the capability of the ESSnuSB experiment to constrain the
parameters of LRFs. The statistical analysis has been performed using a Poissonian y?
function, defined as

b2

_l’_

_ = (5.1)
(1+0b)E; of

X2(A, b) = 22 [(1 +b0)E; — O; + O;log

=1

where A represents the set of oscillation parameters needed to compute the rates, oy is the
normalization error, n is the number of energy bins, O; are the observed rates and F; are
the expected rates used for the fit. Systematic uncertainties are incorporated using the pull
method |79, 80|, implemented in GLoBES with the nuisance parameter b. The significance
of our results in terms of standard deviations (o) has been obtained assuming the Wilk’s
theorem [81]; for instance, for 1 d.o.f #o = \/Ax2.

In order to compute the bounds on V,z, we generate the true event spectrum using
the hypothesis of no LRFs (i.e. V,3 (true) = 0) corresponding to standard three-flavour
neutrino oscillations and fit the true data using the probabilities in the presence of LRFs.
It should be noted that, while fitting the true data, only one LRF parameter is considered
at a time in the test. This approach is justified as different potentials stem from distinct



symmetries, independently affecting the oscillations. In all three cases of symmetries, we
vary the potentials, V,z from 107 eV to 10713 eV in the test. The marginalization has
been performed over 613,623 and |Am3;| by varying them within the uncertainty ranges
reported in Table 1, while dcp is scanned over its full [—180°,180°] range. We keep the
two oscillation parameters, 12 and Am3,, fixed at their best-fit values [71]. The results
are displayed in Fig. 4 where the one-dimensional Ay? is plotted as a function of LRF
potentials V3. The upper left (right) plot of Fig. 4 gives the bound on the LRF parameter
Veu (Ver) while the lower plot displays the constraint on Viir. We also show the results
for different values of the normalization systematic uncertainty, namely 2% (red curves),
5% (blue curves) and 10% (green curves). The 30 and 90% C.L. bounds are summarized
in Table 2 for the standard 5% systematics case along with the 2% and 10% systematics
cases. The main results are that ESSnuSB in the nominal conditions (i.e. 5% systematics)
may be able to set the 90% limits on V,, < 2.99 x 10714 eV, V., < 2.05 x 107 €V and
V,r < 1.81 x 10714 V. Notably, a change between 10% and 20% in the bounds can also
be observed by variations in systematic uncertainties, particularly when V¢, and V., are
considered. The effect of systematics on V),; is, on the other hand, less prominent.

Before comparing the ESSnuSB limits on LRF potentials with other experimental
bounds, let us try to understand the role of appearance and disappearance channels in con-
straining V3. In Fig. 5, we demonstrate how individual probability channels contribute for
the ESSnuSB sensitivity towards LRF potentials, V3. It is evident that for the L, — L, and
L, — L, symmetries the major sensitivity comes from the disappearance (P,,) probability,
whereas the appearance probability (P,.) plays a major role to place a bound on the V.,
potential corresponding to the L. — L, symmetry. This is also clear from the probability
plots presented in Fig. 2, where the effect of the er sector is more visible in the appearance
probability (Pe). Although from Fig. 2, it seems that the ey and pr sectors affect both P
and P, however, due to the high statistics of v, the disappearance event numbers at the
far detector, disappearance channel plays an important role in constraining V., and V..
This explains why different oscillation channels are sensitive to different LRF potentials.
In Fig. 5, we notice a dip corresponding to the disappearance-only sensitivity curves (blue
solid curves) for all three cases of the LRF potentials when a marginalization over fog is
performed. Similar features are also observed in other works [39, 40]. This is because, in
the disappearance probability, the octant of f23 develops a degeneracy with the potential
Vap picking up the wrong solution in the minimum x? calculation when marginalization is
performed over f23. The dip vanishes for the disappearance only case if we fix a3 to its
best-fit value while computing the x2. Also, the dip disappears when we combine both the
appearance and disappearance channels (green solid curves), while marginalizing over a3,
highlighting the importance of the appearance channel, which is less affected by the 6a3
octant degeneracy.

In the context of LBL experiments, the most stringent foreseen 90% C.L. limits on
LRF potentials have been derived by simulating the future experiment P2SO [40] due to
its longer baseline, whereas the bounds (at 90% C.L.) from the simulations of “upcoming”
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DUNE and T2HK experiments with the standard neutrino flux are given by [39]:

Vep < 1.46 (3.45) x 107'* eV [DUNE (T2HK)],
Vor < 1.03 (3.43) x 107 eV [DUNE (T2HK)],
Vr < 0.67 (1.84) x 107 eV [DUNE (T2HK)].

(5.2)

It is worth mentioning that with a high-energy neutrino flux, the DUNE bounds on V,,g might

become weaker as shown in Ref. [62].

LRF
Potential 30 C.L. 90% C.L.
(in eV)
2% syst. | 5% syst. | 10% syst. | 2% syst. | 5% syst. | 10% syst.
Veu(x10714) | 4.41 5.89 7.28 2.37 2.99 3.44
Ver (x1071) | 2.86 3.79 4.68 1.57 2.05 2.54
Vr(x107M) | 2.75 3.34 3.67 1.48 1.81 1.92

Table 2: Constraints on the LRF potential V,,3 from the ESSnuSB experiment for 2%, 5%
and 10% systematics. These values are obtained from the plots displayed in Fig. 4.

Comparing the ESSnuSB results with other expected limits from upcoming LBL ex-
periments in Eq. (5.2), we find that assuming nominal conditions (5% systematics), ESS-
nuSB bounds are less stringent than the DUNE ones by about a factor of 2. This is due to
the higher energy and longer baseline for DUNE, so the effect of LRFs is more pronounced.
However, ESSnuSB outperforms T2HK by approximately 20%. As mentioned earlier, sys-
tematic uncertainties play a noticeable role in placing bounds on the LRF potential by
ESSnuSB, i.e., achieving a 2% normalization uncertainty could improve the V., and V.,
constraints, making them comparable to future DUNE bounds. Overall, ESSnuSB is pro-
jected to set bounds on LRF parameters that are competitive with those from future LBL
experiments such as DUNE and T2HK. Importantly, the complementarity of constraints
from various neutrino sources, including accelerator, atmospheric, and solar neutrino data,
provides a unique opportunity to significantly narrow the allowed parameter space for LRFs.
By combining these results, the interplay between different datasets may uncover synergies
that enhance sensitivity to LRF parameters and help elucidate the underlying physics of
these new interactions.

In addition to the LRF potentials, V3, we also put constraints on the actual parameters
of the new neutrino-matter interaction, namely, the mass of the new gauge boson m: and
the effective gauge couplings G,3. Following the methodology presented in refs. [34, 39, 62,
we use Eqgs. (2.4) and (2.5) to derive the limits on mz and G,g. In order to take into account
all the matter content present in the Universe, we consider neutrinos from different sources
ranging at distances up to 10> Gp away from the Earth. This corresponds to the mediator
mass, mz in the range 10710 — 10735 ¢V and the LRF potentials originating from all the
matter content of the Universe can be rewritten in terms of the contributions from effective
potentials relevant at different distances, i.e.,
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Figure 4: Sensitivity of ESSnuSB in constraining the LRF potential V,5. We consider normal
mass ordering for neutrinos i.e., Am2; > 0. The red, blue and green colours correspond to the cases for
2%, 5% and 10% systematic uncertainties, respectively.

Va,B - (Vaﬁ)Earth + (Vaﬁ)Moon + (Vaﬁ)Sun + (Vaﬂ)MW + (Va,@)Cosm . (53)

To find the electron and neutron numbers for the LRF potentials from the Earth, an average
density of a continuous distribution is modeled for the Earth such that we get (Ne)garth =
(Np)Barth ~ 4 % 10°*. The Moon and the Sun are assumed to be point-like electron and
neutron sources which correspond to the number of electrons and neutrons as given by
(Ne)Moon = (Np)Moon ~ 5 x 10% and (Ne)sun = (Ny)sun ~ 10°7 [39]. In case of the Milky
Way, the total matter content can be assumed to be distributed in the form of a thin and a
thick disk, a central bulge and a diffuse gas [34, 82, 83|, yielding (N¢)mw = (Nn)nw ~ 1057
For the cosmological matter content, we use (N¢)cCosm =~ (Nn)Cosm ~ 10™ adopted from
refs. [34, 39]. Utilizing these values of electron and neutron numbers and using Egs. (2.4)
and (2.5), the contributing terms of LRF potentials from all sources can be computed

provided that the values of mz and G, are known. To constrain myz and G,g, we use
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Figure 5: Significance of appearance and disappearance channels in computing the sensitivity
of ESSnuSB to constrain the LRF potentials. Dashed curves show the effect of fixing 623 to its best-
value in the disappearance channel.

the 90% C.L. limits on V, 3 obtained in Table 2 and vary the free parameters. The results
are presented in Fig. 6 where red, blue and green curves correspond to the L, — L, Lo — L
and L, — L; symmetries, respectively. We also show the interaction range oc 1/mz: on the
upper axis of the plot. It is worthwhile to mention that some astrophysical and cosmological
phenomena, such as black-hole superradiance [84] and weak gravity conjecture [85] may also
exclude some parameter space of the LRFs, providing the non-oscillation exclusion limits.
These regions are displayed by the grey bands in Fig. 6. From this figure, one can observe
that the most stringent limit comes from the location of the causal horizon, which contains
the highest number of electrons and neutrons. Therefore, the LRF potentials experienced
by neutrinos from this location will be the largest.

5.1 Correlations

In this subsection, we want to explore the correlations between the LRF potentials, V3 and
the two poorly constrained standard neutrino oscillation parameters for ESSnuSB, namely

~13 -



Interaction range, 1/m/, [kpc]

10° 10% 107! 107° 10711 10716
Causal horizon  Distance to GC e / ]
107 3
@ 10—26 ]
2 3
O] W
o z
£ =27 ~
= 10 I |
Q. = E
= o
o (¢
o 4
)
> 10728 o 4
(s 3 11
S =4
L 5
10-29t S
10730 5
g H ; ' |
Weak gravity conjecture % ! | 1
1 1 1 1 1 1 1 1 1 1 1 1 |i 1 1 |E ]

io—Zé 10—20 iol—ll5 10—10
Mediator mass, my [eV]

10—3é I10I—3(I)

Figure 6: Sensitivity of ESSnuSB to exclude the parameter space of the LRF in the my —Gop
plane. These exclusion regions are computed at 90% C.L. by fixing the LRF potentials to their 90% C.L.
values presented in Table 2. See the text for more details on how the calculations were performed.

dcp and 0s3. To conduct this analysis, the true event spectra were generated under the as-
sumption of no LRFs, using the best-fit values for the standard oscillation parameters listed
in Table 1. The fit was obtained by marginalizing over all standard oscillation parameters
not explicitly shown, except for 12 and Am3,. Figure 7 displays the 3¢ allowed regions
in the V.3 — 623 plane. The upper-left and upper-right panels illustrate the correlations
between V¢, (upper left), Vo, (upper right) and 23 whereas the lower panels represent the
correlation in the V,,; — 623 plane. We present the results for two different choices of true
values of the mixing angle 653, one in the lower octant (42.2°) and one in the upper octant
(49.1°). These values correspond to the best-fits from Ref. [71], with and without the in-
clusion of the Super-Kamiokande atmospheric data. We see that, in the absence of LRFs,
the ESSnuSB results suggest that the 63 octant degeneracy might not be resolved if the
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Figure 7: Effect of long-range interactions in the determination of the 023 octant. In all
panels, two distinct true values for the mixing angle 623 have been chosen, i.e., 053¢ = 42.2° and 49.1°.

true value is fo3 = 42.2°. In this case, allowed values in the upper octant persist. However,
in the presence of LRFs, this degeneracy appears to be resolved as the LRF potentials V¢,
and Ve, tend to increase (see the upper left and right panels of Fig. 7). A similar trend
is observed for V,; (lower panel), although at relatively larger values of the potential. On
the other hand, for fb3 = 49.1° and V,3 — 0, the octant degeneracy appears to be already
broken. Even in the presence of LRFs, we do not see any octant ambiguity when the true
value of 023 = 49.1°. As discussed in the previous section, we remark that the octant
degeneracy breaking is mainly due to the appearance channel. Indeed, if we only consider
the disappearance channel, the octant ambiguity plays a major role in the analysis.

In Fig. 8, we present the results in the V., — dcp (upper-left panel), Vo — dcp (upper-
right panel) and V,,; — dcp (lower panel) planes for two true values of dcp corresponding to
maximal CPV (dcp = —90°) and no CPV (dcp = 0°). The marginalization scheme used in
this analysis follows the same procedure as previously described, where all other oscillation
parameters, except 015 and Am3,, are marginalized. In this case, we observe no significant
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correlations between dcp and any of the LRF potentials, V¢, Vor and V,,;. However, it is
worth noting that the effects of V5 on the determination of dcp could become significant if
the LRF strengths are large enough to achieve the sensitivity of the ESSnuSB experiment.
In such a scenario, those values might become measurable, introducing a potential influence

on dcp determination. We will delve deeper into this possibility and its implications in the
next section.

30, Scptrue =0° 3G, Scptrue =Q°
50 | 30, 8cp ™ = —90° i 50 | 36, 8cp ™ = —90° i

oFf ) : o OFf ) .
()
he]
B=
=50 - m_so - i
| @]
(Ze)
-100 | . —~100 | -
—150 |- ‘ ‘ . —150 |- ‘ ‘ .
10° 103 10° 103

10" s 107
Ve, (107°GeV)

36, 8cp =00 ——

50 | 30, 8cp ¢ = —90° 4

% ol D .
[P]
=)
=

o =50 .
|
(Z2=)

-100 | .

—-150 | ‘ ‘ .

10° 10°

10" 107
Vi 107°GeV)

Figure 8: Effect of long-range interactions on the determination of écp. In all the panels, two

distinct true values for the leptonic CP-violating phase have been chosen, §&p¢ = 0°, —90°.

6 CPYV sensitivity of ESSnuSB in the presence of LRFs

In this section, we examine how the LRF potentials influence the CP-violation sensitivity
of the ESSnuSB experiment. This analysis is crucial, as the primary aim of ESSnuSB is
to achieve precise measurements of dop. It is worth noting that, in the case of maximal
CP violation (6cp = £90°), the sensitivity of ESSnuSB can reach up to 12.5¢ and it can
also achieve at least 5o sensitivity for approximately 75% of the other possible values of
dcp |9, 47]. This surpasses the sensitivity of all upcoming next-generation LBL neutrino
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oscillation experiments [86]. It is, therefore, vital to determine whether the presence of
new physics, such as long-range interactions of neutrinos with matter, could jeopardize this
capability or not. To do this, we generate the true event spectrum by varying dcp (true)
over the full range [—-180°,180°] and compare this with dcp = 0° or 180° in the test. The
same value of LRF potentials V5 is considered in both true and test event spectra. The
CPV-sensitivity plots are displayed in Fig. 9 in units of \/Ax?2, where

Ax? = x*(Vap, CPV) — x*(Vag, 6cp = 0°,180°).. (6.1)
20.0
—— Std. Osc. (Vg = 0)
1 dashed: V,
17.5 dotted: Vei“ green: Vo =5x 10713 eV
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Figure 9: CP-violation sensitivity of ESSnuSB for different values of LRF potentials V,5 and
symmetries. Here, both true and test hypotheses assume the presence of LRFs. Standard oscillation
(Vap = 0) is shown by the solid red curve.

In this figure, the red curve represents the sensitivity in the standard oscillation scenario
(Vag = 0). The dashed, dotted and dashdot curves are for the potentials V,,, Ver and
V,ir, respectively. The sensitivity curves plotted in blue colour correspond to the value of
Vag = 5 X 10~ €V, which is comparable to the ESSnuSB constraints, while the curves in
green are computed for the LRF potentials, V,3 = 5 X 10713 eV, a much larger potential
value than the ESSnuSB bounds. We notice that for small values of the new potentials,
the ESSnuSB CP-violation sensitivity remains intact with some negligible impact on its
sensitivity around dcp = £90°. However, for large values of the LRF potentials, the Ax?
changes and the positions of the sensitivity maxima are also slightly shifted. To understand
this in more detail, we compute the CPV sensitivity as a function of the LRF potentials,
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Vap. The results are displayed in Fig. 10 for two choices of dcp, i.e. +90° (solid curves)
and —90° (dashed curves). We can observe that, for small values of Vo5 (< 1071 eV), the
dcp sensitivity of ESSnuSB more or less does not change for all three cases of V3. However,
with increasing Vg, the sensitivity decreases, especially for the potential corresponding to
the L. — L, symmetry. The reason is that when V,,5 are small, they appear as a correction
to the standard probability and mildly affect the dcp sensitivity, whereas, for large values
of V3, new resonances might appear, causing a significant drop in the CPV sensitivity of
ESSnuSB.
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Figure 10: CP-violation sensitivity of ESSnuSB as a function of long-range potential V..
The solid (dashed) curves correspond to the true value of dcp = +90°(—90°).

7 CP precision of ESSnuSB in the presence of LRFs

In this section, we will try to understand the impact of LRF potentials on the uncertainty of
dcp measurement by the ESSnuSB experiment. Since the primary objective of ESSnuSB is
to perform a precision measurement of dcp in addition to discovering it (if next-generation
LBL experiments fall short), it is imperative to see how new physics affects this capability of
ESSnuSB. In Ref. |9, 47|, it has been shown that the optimal baseline of 360 km allows the
ESSnuSB experiment to measure dcp with a 1o uncertainty of less than 7.5° for all possible
values of dcp. Remarkably, the experiment achieves its best precision, Adcp = 5°, for CP-
conserving values. Such a level of accuracy is unparalleled, as it surpasses the capabilities
of next-generation LBL experiments, emphasizing the transformative potential of ESSnuSB

in this area of research.
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In Fig. 11, we present the projected 1o uncertainty in the measurement of écp for
two scenarios: the CP-conserving values (6cp = 0° and 180°, shown in the left panel) and
the maximally CP-violating values (dcp = £90°, shown in the right panel), as functions
of the LRF potentials, V5. In both panels, solid, dashed and dashdot curves represent
LRF potentials, namely, V., Ver and V), respectively. From Fig. 11 it is evident that
the effects of LRF potentials on the dcp precision of ESSnuSB are negligible. Even when
the values of all three potentials are large enough (almost an order of magnitude larger
than the ESSnuSB bounds), the effects of V5 are not significant enough to meaningfully
degrade the performance of ESSnuSB. Specifically, for the maximally CP-violating values
(0cp = £90°), illustrated in the right panel of Fig. 11, the experiment can achieve a robust
precision of Adgp < 7.5°, as long as Vg remain below 2 x 10~ eV. For the CP-conserving
values (6cp = 0° and 180°), illustrated in the left panel of Fig. 11, the precision is even
better, with Adcp < 7° across the entire range of LRF potentials, V3.

These results highlight the resilience of ESSnuSB in maintaining high precision in dcp
measurements, even in the presence of LRFs, further demonstrating its capability to probe

CP violation with unprecedented accuracy.
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Figure 11: 1o precision on the measurement of écp at ESSnuSB as a function of the LRF
potential V,g, for three different choices of symmetries. The LRF potential Vg is present in both
true and test data. The left (right) plot corresponds to the true values of dcp = 0° and 180° (£90°).

8 Summary and conclusions

In this paper, we explored the capabilities of the ESSnuSB experiment to set bounds on
the effects of LRFs in neutrino oscillations. In the presence of additional U(1) gauge sym-
metries in the particle physics Lagrangian, a new vector mediator Z’ might be responsible
for new interactions between SM particles. In the case of a very light mediator, such in-

teractions might occur at very long distances and feebly interacting particles like neutrinos

~19 —



could provide valuable information about them. For instance, in neutrino oscillation exper-
iments, LRFs modify matter effects in the neutrino oscillation probabilities introducing new
terms in the Hamiltonian. We considered three different U(1) symmetries, namely L., — L,
L. — L; and L, — L;. We demonstrated how the ESSnuSB setup could provide a good
environment to search for LRFs. In particular, using nominal conditions (5% systematics),
we observed that ESSnuSB could be able to set 90% C.L. limits on V¢, < 2.99 x 107 eV,
Vo, < 2.05 x 10714 6V and Vir < 1.81 % 10~* eV. The bounds on such parameters have
been obtained by means of a standard y? analysis performed using the GloBES software.
Among the upcoming next-generation LBL experiments, only DUNE is expected to outper-
form ESSnuSB, while T2HK will set weaker limits [39, 62]. The ESSnuSB bounds might
become comparable to the DUNE ones if systematic uncertainties in both the appearance
and disappearance channels are reduced for the ESSnuSB experiment. We explored the
correlations between the LRF parameters and the most unknown oscillation parameters,
namely 693 and dop. We found that the octant degeneracy of 23 is broken in the presence
of LRFs when 655" = 42.2°. We also could not observe any strong correlation between
dcp and the LRF potentials V3.

Finally, we addressed another crucial point in the context of the ESSnuSB experiment:
the robustness of its most important measurement, namely the dcp determination. We
observed that, even in the presence of LRFs, both the CPV sensitivity and the dcp pre-
cision remain unaltered except in the case of extremely large LRF potentials (V5 > 10713).
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A LRF induced by other U(1) symmetries

In Ref. [50], other possibilities for the U(1) symmetries, which might generate new interac-
tions modifying the neutrino oscillation probabilities, have been explored for the first time.
In the context of neutrino oscillation, the different anomaly-free combinations of baryon
number B and lepton numbers L, [36, 54, 87-91] can only modify the diagonal entries
of the matter potential part of the oscillation Hamiltonian (see Table 3 for a list of the
symmetries and Ref. [50] for details). Thus, regardless of the specific combination of the
charges of the particles under the specific symmetries, the only textures of the LRF matrix
in the Hamiltonian not discussed in our previous analyses are [50]

diag(+VLrr,0,0), (textures A¥)
Vag = { diag(0, —Vigr,0), (texture B) . (A1)
diag(0,0, —Virr), (texture C)

To quantitatively discuss the effects of the LRF mediated by the symmetries generating the
Vap matrices in the oscillation Hamiltonian, we show in Fig. 12 the (V;) — (;e) (panels a and

c) and (V_u) — (1/_#) (panels b and d) oscillation probabilities in the energy range interesting
for ESSnuSB. In the appearance probability, the textures AT and C have the same effect,
enhancing (reducing) the neutrino (antineutrino) probability at oscillation maximum by
roughly the same amount. The A~ texture, on the other hand, has approximately the same
but opposite effect of the AT texture. The B texture does not significantly affect the oscil-
lations. This behaviour also explains why the L. — L, symmetry modifies the probabilities
more than L, — L, and L, — L;; indeed in this specific case, the effects of the At and C
texture are summed, enhancing the probabilities more. The disappearance probabilities, on
the other hand, are almost unaffected by the A* textures and for the neutrino case, P, is
enhanced (reduced) at the minimum by the B (C) textures. The antineutrino disappear-
ance probability exhibits opposite behaviour compared to the neutrino case when textures
B and C are considered.

We finally study the sensitivity of the ESSnuSB experiment to the Vpgrr parameters
in the four studied cases in Fig. 13. We summarize in Table 3 the 30 bounds for the
four textures obtained using the same procedure described in Sec. 5 with 5% systematics.
The bounds in these cases are, in general, less stringent than in the L, — Lg symmetries
cases. In particular, the texture C gives the tightest bound on Vi gp, while the texture B
is the looser. It is interesting to notice that since texture B does not affect significantly
the appearance channel but only the disappearance one, the octant degeneracy causes a
reduction of the 3o sensitivity for Vigp.
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Figure 12: Appearance (left panel) and disappearance (right panel) neutrino (top panel) and
antineutrino (bottom panel) oscillation probabilities as functions of neutrino energy in the
presence of LRF potentials induced by other sorts of anomaly-free symmetries.

30 C.L. 90% C.L. i
LRF Potential Textures | (x10714) eV | (x10714) eV U(1) symmetries from Ref. |50]
B —-3L,
At 8.45 4.55 Lg_ She
By —5(L,— L)
Le B %(L,u B LT)
Le+2L,+ 2L
A- 7.85 4.37 ° K 4
B+1L,+L,
B 23.09 4.55 B =3L,
L—3L,
B-3L
C 5.65 3.08 T
L — 3L,

Table 3: Constraints on LRF potential V,z5, considering other U(1) symmetries, using the
ESSnuSB experiment for 5% systematics. These values are obtained from the plots displayed in
Fig. 13. In the last column, we show the symmetries mentioned in Ref. [50], where L is the lepton number,
B is the baryon number and By = B1 — yB2 — (3 — y) B3 with B; being the baryon numbers of the quark

families and y an arbitrary constant.
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Figure 13: Sensitivity of ESSnuSB to constrain the LRF potentials induced by different U’
symmetries mentioned in Ref. [50]. In this case, we have used the standard 5% systematics of the
ESSnuSB experiment.
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