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European Spallation Source as a searching tool for an ultralight scalar field
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Dark matter (DM) nature is one of the major issues in physics. The search for a DM candidate has
motivated the known proposal of an ultralight scalar field (ULSF). We explore the possibility to search for
this ULSF at the upcoming European Spallation Source neutrino Super-Beam experiment. We have
considered the recent study case in which there could be an interaction between the ULSF and active
neutrinos. We have found that in this future experimental setup, the sensitivity is competitive with other
neutrino physics experiments. We show the expected future sensitivity for the main parameter modeling the

interaction between ULSF and neutrinos.
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I. INTRODUCTION

The existence of dark matter (DM) is one of the most
intriguing aspects of modern cosmology. Nearly one fourth
of the matter-energy content of the Universe is in the form
of dark matter and elucidating its nature is a very funda-
mental issue. There are plenty of proposals to model dark
matter, from objects like primordial black holes with
masses of the order of 2 x 10! Kg (10%7 eV/c?), weakly
interacting massive particles (WIMPs) with masses
around 100 TeV/c? —2 GeV/c?, axions with masses of
1073 eV/c?, or ultralight scalar dark matter particles with
masses of 10722 eV/c?.

One of the proposals for a dark matter candidate
postulates that an ultralight relativistic scalar field ¢ can
model dark matter with a suitable scalar potential V(¢)
[1-6] (see, for example, the following reviews [7—12]).
The general property of this scalar field potential is the
existence of a parabolic minimum around which it is
possible to define a mass scale for the related boson
particle. In this model, the galactic halos can be formed
by condensing the scalar field at the Universe’s beginning
[7]. The successful physical implications of ACDM at
cosmological scales are replicated by the scalar field dark
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matter, e.g., the evolution of the cosmological densities
[13], the acoustic peaks of the cosmic microwave back-
ground radiation (CMBR) [14], the rotations curves in big-
and low-surface brightness (LSB) galaxies [15-18], and the
observed properties of dwarf galaxies [19].

Besides, the oscillations of the scalar field could have
exciting and important physical consequences. Since neu-
trinos have small masses, the interaction with the oscil-
lations of the scalar field could have a relevant influence on
neutrino masses and mixing. Considering that the mecha-
nism of neutrino masses is still unknown, the interaction
with the oscillating scalar field could provide a link to
physics beyond the Standard Model (SM). The former
reasons constitute a strong motivation to study the effects of
a light scalar field in neutrino oscillations.

More recently, searches for an ultralight scalar field at
neutrino oscillation experiments are becoming possible
(see, e.g., Refs. [20-26]) due to advancements in the energy
resolution of present and upcoming neutrino oscillation
experiments. Besides, feasible cosmological models of
active and/or sterile neutrinos interacting with an ultralight
scalar field have been explored [27-31]. In Ref. [32], the
implications for the reactor neutrino experiments Kamioka
liquid-scintillator antineutrino detector (KamLAND) and
Jiangmen Underground Neutrino Observatory (JUNO)
due to interactions between active neutrinos and a scalar
field with mass my 2 107'% eV /c? are considered. Despite
these interesting studies, it is important to notice that such
an interaction between neutrinos and the ultralight scalar
field (ULSF) may also lead to tension with current exper-
imental observables, as we will discuss below. Moreover,
recent studies corner the ultralight dark matter (ULDM)
proposal to be only a subdominant component of the DM
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content [33,34]. Still, the interaction of a neutrino with a
ULSEF can be of interest independently of its connection to
the DM problem.

In this paper, we will explore the phenomenological
consequences of having an ultralight scalar field mixed
with the neutrino mass eigenstates and the capabilities
of an European Spallation Source Neutrino Super Beam
(ESSvSB)-like experiment [35-37] (ESSvSB) to constraint
these interactions. The original proposal is to study a
neutrino Super Beam, which employs the European
Spallation Source (ESS) facility as a neutrino source with
a water Cherenkov detector [38] located in a deep mine, for
the discovery of the Dirac CP-violating phase 6. We
consider two baselines. One at 360 km, corresponding
to the distance from the source to the Zinkgruvan mine.
While the second would be at 540 km, with a detector
placed at the Garpenberg mine; both mines are located in
Sweden. Moreover, scenarios that investigate the capabil-
ities of the ESSvSB experiment to probe physics beyond
the Standard Model and neutrino oscillations have been
discussed [39-45].

The structure of the paper is as follows. In Sec. II, we
present one possible form of interaction between neutrinos
and the ultralight scalar field. This interaction modifies the
leptonic mixing angle €, and adds a smearing on the neutrino
mass squared difference Am?. Section III explains the
characteristics and assumptions made in the general long
baseline experiment simulator (GLoBES) software [46,47] to
simulate the ESSvSB experiment. Sensitivities to the ULSF
via modulations from average distorted neutrino oscillations
are developed in Sec. IV. Finally, we give our conclusions.

II. FRAMEWORK

The existence of dark matter has stimulated extensive
and intensive activity to explain its characteristics. There
are a plethora of possible candidates for dark matter. In this
section, we will mention some of the more studied proposals.
For example, primordial black holes could have been formed
soon after the big bang from the gravitational collapse of
higher-density mass regions. Some constraints restrict the
masses of primordial black holes to several windows
between 103-10'* kg, 10'7-10%' kg, and 10 — 103 solar
masses (2 x 10°° kg) [48]. However, from latest results of
LIGO and VIRGO, it seems that primordial black holes only
provide some part of the needed amount of dark matter [49].

The main characteristics that must fulfill a possible
particle candidate for dark matter are that it has to be
stable over billions of years, nonrelativistic, massive, and
weakly interacting. The Standard Model of particle physics
does not have a particle with these properties.

One of the most studied extensions of the Standard
Model is its minimal supersymmetric extension (MSSM)
[50]; several candidates for WIMPS can emerge in this
model. The possible candidates for dark matter are neu-
tralinos, gravitinos, and sneutrinos. The neutralino is the

most studied particle candidate for dark matter; it has been
extensively searched for at the LHC. In the LEP and
Tevatron experiments, a lower-mass bound around
46 GeV/c? has been set [50]. The gravitino couples very
weakly to other particles; therefore, it is challenging to
impose any constraint on it [50]. The lightest sneutrino is
strongly interacting, which is unsuitable for a dark matter
particle.

Another popular dark matter candidate is the axion, a
light neutral particle that can be produced in the early
Universe by a spontaneous symmetry breaking of U, (1)
Peccei-Quin symmetry [50,51]. Experimental attempts
have been developed to detect the axions using the
prediction that axions and photons could be transformed
into each other in an intense magnetic field [52].

Besides the former candidates for dark matter, there are
other massive particles like sterile neutrinos that only interact
gravitationally, with masses around O(keV/c?) [53,54].

Furthermore, other exotic dark matter candidates exist
like WIMPzillas, strongly interacting massive particles
(SIMPs), Q-nuggets, Q-balls, gluinos, Fermi balls, EW
balls, GUT balls, etc. The masses of these objects range
from 100 GeV/c? to a TeV/c? [52,55].

Another approach consists of avoiding the existence of
massive dark matter particles or objects and instead
considering modifications of gravitational interactions,
for example, modified newtonian dynamics (MOND)
[56,57] and extra dimensions [58,59].

Regarding the scalar-field dark matter, there are some
problems that this proposal can solve. For example, on the
cosmological side there are problems with certain predic-
tions of ACDM at the galactic scale. Some examples are the
excess of substructures produced in N-body numerical
simulations, which are one order of magnitude larger than
the observed ones, and the cusp profile of central density in
galactic halos [60-62]. Additionally, problems arise in
numerical simulations of structure formation, which do
not produce pure disk galaxies, among other problems. The
former problems could be avoided if the structure grew
faster than in ACDM [63].

Some of the former problems are resolved in the ultra-
light relativistic scalar field framework. In this model, the
galactic halos are formed by a Bose-Einstein condensation
of a scalar boson with a mass around my ~ 1072 eV /c?.

The Compton length associated with this boson is of the
order of kpc, which is the same order as the size of dark
halos in typical galaxies. It is proposed that the dark halos
are very big drops of scalar field. Then, when the Universe
reaches the critical temperature of condensation, all galactic
halos form at the same time producing well-formed halo
galaxies at high z, which is a different prediction from
ACDM [19].

The scalar field dark matter can resolve the problem of
cusp profile of density in galactic halos since this is avoided
due to the wave properties of the ultralight mass of the
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scalar particles [2,64]. Furthermore, the excess of sub-
structures is prevented by considering that the scalar field
has a natural cutoff [2,65,66].

Although we consider here a scalar boson mass,
my~1072% eV/c?, it is important to mention that this
value can change from different physical constraints and
different astrophysical models. Except for some few models
[67,68], all the justification for this mass region comes from
consistency with astrophysical observations. For example,
from the anisotropies of the CMB, the mass of the scalar field
could be in the range of my = 107 — 10722 eV/c? [12].
From galaxy rotation curves, the ULDM mass lies in the
region my = 0.5 x 1072 — 102! eV/c? [69,70].

In addition, it is expected that the ULDM cannot be the
total fraction of the dark matter if the mass is light enough,
although the exact value might be model dependent. For
instance, the combined analysis of CBM and large-scale
structure (LSS) data sets [71] allow ULDM masses my 2
107 eV/c? if py ~ ppy and as low as my ~ 10727 eV/c?
if py ~ 0.05ppy. Lyman-a forest excludes ULDM masses
lighter than my < 1072 eV/c? if py ~ ppy while a ULDM
mass mgy ~ 10722 eV/c? can be accommodated if p, <
0.2ppm [33]. On the other hand, from the soliton-halo
relation, a ULDM with mass below m,, ~ 107! eV/c? is
disfavored [72]. Moreover, Ref. [34] suggests that the
ULSEF is not the total component of cosmological DM, if
the mass range is 1072* <my(eV/c?) $107%°, while
admitting it for p, < 0.3ppy. Finally, constraints from
structure formation [73] exclude ULDM masses lighter
than my ~ 107" eV/c? if p,~ppy while the bound
disappears when p, < 0.1ppy.

Let us review some of the main characteristics of the
scalar field framework, which are relevant to our work.
From the Lagrangian density for the scalar field

1
L=V, 09+ V() (1)

the conservation of the energy-momentum tensor V, 7 =0
in the cosmological background of the Friedmann-Lemaitre-
Robertson-Walker metric gives

¢+3Hp+V'(¢) =0, (2)
where H = a/a is the Hubble parameter and « is the scale

factor of the Universe. In the following, we will use natural
units where ¢ = 7 = 1. The scalar energy density is [7]

1.
Ty = 5(152 +V($) = py.

The evolution of the scalar field can be obtained numerically
near the minimum of the potential where V'(¢) = m¢. The
contribution from the other components of matter-energy

density present in the Universe is included in the Friedmann
equation

827G
H>=—"—(p,+pu+pp+pnr) (3)

3
and p,, p,,, and p, are the energy densities associated with
radiation, baryonic nonrelativistic matter, and dark energy,
respectively. However, there are analytical approximations
for the scalar fields in recent times when H, ~ 1073* eV and
Hy < my. It has been proposed [7] the following anzats for
the scalar field

¢ = 2+/pcos(S — myt). (4)

Inlate times, the scalar field behaves as nonrelativistic, and the
relation S /my ~ 0 is fulfilled when the temperature at which
the scalar field begins to oscillate is 7', ~ keV corresponding
to a redshift zg ~ 10° [10] if m,, ~ 10722 eV.

From the evolution equation for the scalar field Eq. (2),
p = poa3 is obtained, which is proportional to the energy
density of nonrelativistic matter. From the expression of
the scalar-field energy density, it is possible to obtain
Py = 2méﬁ. The ultralight scalar field can be described by
a classical field minimally coupled to gravity [74]. For
instance, by setting the phase S = z/2 and writing the
scalar field in terms of the energy density, we can have a
ULSF that oscillates with time as

¢ = g sin(myt), (5)

with m, ~ 107%* eV and

ﬁ

2
fo= YTt (6)

ny

where p, is the field density at the surface of the
Earth, which we will assume to be 0.3 GeV/ cm?,
Py < Pome = 0.3 GeV/ cm®. From recent analyses, the
estimation of the local DM density coincide within a range
of ppm.e = 0.3-0.6 GeV/cm? [75-77].

If we consider that this scalar field can interact with the
neutrino, a modification in the leptonic mixing angle 9 or
additional smearing on the neutrino-mass squared differ-
ence Am?> will arise. Recently, the possible interaction
between the ULSF and neutrinos and its implications have
been considered [20,25,26,28]. In this case, the ULSF can
produce an effect on neutrino oscillations. Besides the SM
Lagrangian, we would have an additional contribution due
to the hypothetical ULSF interaction with the neutrino
[20,26]

yId y
L)y D N (La)TL/jHH +F¢(L,,)TL,3HH, (7)
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where 1% and y* are 3 x 3 dimensionless symmetric
matrices, and A is the scale of new physics.

9P 92
L, OD——
"y 2A

yaﬁ,UZ

(Va)TV/J + A 7

(va) vp- (8)
After symmetry breaking and replacement of the Higgs
field H by its vacuum expectation value (H) =

1/ \/E(O, )7, the neutrino mass matrix acquires corrections
from the ULSF field ¢,

? 4 % yv?
m,=—— and y="5.
A

- o

m=m,+ 3¢,

For instance, the interaction term in Egs. (7) and (8) can
arise within the framework of a type I seesaw [22].

If we consider the off-diagonal § matrix elements, we
will obtain a correction to the leptonic mixing angle. In a
2 x 2 neutrino picture, the mixing matrix for this case will
have the form

(10)

m o
ﬁz:mb+jz¢:< 1 y12¢>'

Y m

To diagonalize this matrix, we can apply a rotation,
R(y), such that tan(2y) = —29,,¢/ Am. For small angles,
v, tan(2y) ~ 2y, and w &~ —9,¢p/Am. Once the mass
matrix is diagonal, we can rotate to the flavor basis through
a new transformation R(6). Since R(O)R(y) = R(6 + y),
then, the mixing angle receives contributions from the y,
term, such that @ — 0 + $,,¢p/Am, 0 — 6 + 5y sin myt.
However, our sensitivity, in this case, will be limited.
Therefore, we will concentrate on the case of diagonal
couplings.

In the case of two neutrino mixing, if we consider only
diagonal couplings (a = f3), the modified y matrix up to
leading order is

ﬁ’lzz(m +§7¢)22 <m%+2mlj\)ll¢ O >
0 m3 + 2my35¢

+ O(3%¢?). (11)
Therefore, for the mass squared difference, we will have
Ay = m3 —mi + 2(mydyy —my3i)g, (12)

or

(mz)A’zz - m1§111)¢
Am3,

= Am3 (1 + 25, sin(my1)] + O(52¢?). (13)

2
Az = Am3, |1+ + O(5%¢?)

Furthermore, the ULSF parameter 5, is given by

(m;9; —m;3:)\/2pp

2
Amjim(/,

Na = (i <j). (14)

Then, we can have a modification to the neutrino con-
version probability due to the shift in the neutrino mass
diagonal terms,

2

L agasin(myn) |, (15)

v

~ <in290cin2
P, =~ sin“26sin

In the next section, we will implement the simulation of
the effects of scalar field diagonal couplings in neutrino
oscillations.

III. SIMULATION

The ESS linac is projected to be fully operational at
5 MW average power with an expected 2.5 GeV proton
beam currently under construction in Lund, Sweden. It will
be an essential user facility providing slow neutrons for
research laboratories and the industry. More importantly,
for this study is the ESSvSB initiative. A neutrino super-
beam facility that will benefit from the ESS production of
neutrons to search for the leptonic Dirac CP-violating
phase 6 [35-37]; the data taking is planned to start by 2035.
It will investigate neutrino oscillations around the second
oscillation maximum with two baselines in consideration at
either 360 km or 540 km from the source. In addition to
measuring the leptonic Dirac CP-violating phase, the
ESSuSB facility may be employed to detect cosmological
neutrinos and neutrinos from supernova events and mea-
sure the proton lifetime.

This section presents the characteristics and assumptions
performed in our study. We use GLoBES [46,47] to simulate
an ESSvSB-like experiment with a 538 kt water Cherenkov
detector [38]. The information on the neutrino fluxes is
taken from Fig. 3 of the original proposal [35], which
corresponds to a 2.0 GeV proton beam with 2.7 x 10?
protons on target per year1 fixed at 5 MW. Furthermore, the
neutrino fluxes have been properly rescaled to the corre-
sponding baseline at L = 360 km, or L = 540 km dis-
tance, as well as renormalized to the more recent simulation
with 2.5 GeV proton kinetic energy [36]. The cross sections
and efficiencies in the detector follow the specifications
from Ref. [78]. We assume an energy resolution which

follows a Gaussian distribution, with a width of ¢(E) =

12%/+/ E[GeV] for electrons and ¢(E) = 10%/+/E[GeV]
for muons, respectively. A total of 12 bins uniformly
distributed in the energy interval of 0.1-1.3 GeV were
considered. Moreover, a 10-year exposure on a far detector
is considered in the form of 5 years in neutrino mode and
5 years in antineutrino mode. Nevertheless, in our

'"The annual operation period will be 208 days.
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Expected electron neutrino and antineutrino appearance (v,/7,) event rates per year for an ESSvSB setup using the neutrino

oscillation parameters as given in [36], the left panel displays the option of placing the detector at a baseline distance of L = 540 km and

the right panel for the L = 360 km baseline case.

calibration of the expected number of signal and back-
ground events, we have assumed a one-year exposure to
match the results from the updated analysis released by the
ESSuvSB Collaboration [36]. Unless otherwise specified,
the systematic errors are implemented as 10% signal
normalization error and 15% background normalization
error for both appearance and disappearance channels. In
Refs. [35,36], the systematic errors have been considered to
be 5% (10%) for signal (background), respectively. Ours
are more conservative. Furthermore, a 0.01% energy
calibration error has been adopted for both types of events.
Our event rates reasonably reproduce2 the events reported
in Tables 2 and 3 of Ref. [36].

In Fig. 1, we display our expected signal events as a
function of the neutrino energy, assuming one year of
exposure for both neutrinos and antineutrinos. The left
panel shows the case of a detector at a 540 km baseline
from the source, and the right panel considers a 360 km
baseline.

In Table I, our total number of events per year for both
signal and background in the electron neutrino appearance
channel are presented accordingly for neutrinos and anti-
neutrinos. We have verified that with the inclusion of both
electron and muon neutrino data sets (Tables I and II), our

2Lately, the conceptual design report (CDR) for the ESSvSB
experiment was released [37]. From Table 8.1 of the CDR, an
O(10%) improvement on the expected background events with
respect to our simulation was demonstrated. Signal events remain
in good agreement, as shown in Table I. As a result of our
conservative assumptions, we do not expect considerable
differences in our analysis.

simulation accurately replicates the precision studies on the
atmospheric mixing angle 6,; and mass squared splitting
Am3, from Fig. 8 of the ESSySB Collaboration analysis
[36]. Once we have established our experimental simu-
lation and calibration of the number of events, in the
following section, we proceed to describe the character-
istics of our study.

IV. MODULATIONS FROM AVERAGE
DISTORTED NEUTRINO OSCILLATIONS

In this section, we consider modulations of the ultralight
scalar field in the regime 7, < 7, << 7.y, (average distorted
neutrino oscillations). Here, [r, = (L/c)] is the neutrino
time of flight, [z, = 0.41 x (10~'* eV/m,) seconds] [25]
is the characteristic modulation period of the scalar field
and [z.,] is the lifetime of the experiment. Under these
circumstances, the oscillation effects from mixing angles or
mass splittings are too quick to be observed, but an
averaging effect on oscillation probabilities can be searched
for [20,22,25,26].

Regarding the scalar field mass sensitivities at the ESSvSB
facility, for the baseline choices, L = 540 km and L =
360 km, the corresponding neutrino times of flight are 7;%° ~
1.8 x 1073 secand 7% ~ 1.2 x 1073 sec, respectively. The
total exposure of the experiment is 7., = 10 years.
Therefore, for a ULSF modulation period 7, ~ 1 year,
we expect an ultralight scalar field mass sensitivity
between 2.0 x 10723 eV < mfl;“) <13x 10" eV and

20x 1073 eV <m3® < 8.5 x 107" eV, respectively.
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TABLEI. Our expected electron neutrino appearance signal and background events per year for an ESSvSB setup

using the neutrino oscillation parameters as given in [36].

Baseline run v, (7,) signal v,(7,) misidentified ID v, beam 7, beam NC background 7,(v,) = 7.(v,)

360 km v 548 87 164 0.2 37 3

@) 114 19 3 26 5 9

540 km v 293 30 78 1 20 2

@) 68 6 1 12 4 6

o ) sensitivity study. In what follows, we will describe the
TABLE II. Our expected muon neutrino disappearance signal

and background events per year for an ESSvSB setup using the
neutrino oscillation parameters as given in [36].

Baseline run v, (7,) signal o

w(vy) = 0,(v,) NC background

360 km v 7125 54 87
) 1485 132 13
540 km v 3089 27 38
) 602 67 6

The original proposal of the ESSvSB experiment [35] is
to search and optimize the physics potential of leptonic
Dirac CP-violating phase ¢ around the second oscillation
maximum. For this purpose, the electron neutrino appear-
ance channel is the natural choice for performing the study.
Despite its advantages for CP-violating phase searches,
working with this channel in the second oscillation maxi-
mum implies limited statistics [79]. Therefore, in our case,
the electron neutrino appearance channel might not be the
optimal choice to hunt for ultralight scalar field. Thus we
will perform a combined appearance and disappearance
|

central features of this analysis and its results.

A. Electron-neutrino appearance channel

In this part of the analysis, we describe the phenom-
enology to search for a scalar field interaction with
neutrinos via the ULSF parameter 7 in the electron neutrino
appearance channel. We consider two proposed baseline
distances, namely L = 360 km and L = 540 km corre-
sponding to the upcoming ESSuvSB facility located in
Sweden, under the regime of average distorted neutrino
oscillations from the atmospheric mass squared difference
Am3;. Hence, the effect of the ULSF interaction in the P,
oscillation probability for the two flavor approximation in
vacuum is given by

A2 L
P = sin2(2923)<sin2 (%) > (16)

with A3, = Am3,[1 + 2nsin(mt)]; the average over the
mass squared difference is given by [22,25,26]

A3, L 1 [
<Sin2 (%) > = a/o ’ dlsinz |:A3] (1 + 2’7 Sln(m¢t))i|

2
>~ Sinz(A31) + 2C0S<2A31)A%17]2 + O(A%lf’lz) 5 (17)

2
Amg, L
4E,

where 7, is the ULSF period and Az, =

. More generally, the oscillation probability in the appearance channel

considering matter effects used in this study follows from [80]:

sin?(A3; —al)

(A3 —aL)?

sin?(alL)
(aL)?

P(v

— 2 s12
" g I/e) = SIn 9235111 29]3

20 <in2 2
+ c0s°0,351in°26, A3,

where a = GpN,/+/2 is the matter potential, G is the
Fermi constant, N, is the electron density, and
A= Am%jL /4E,. For antineutrinos, we replace a — —a
and 6 — —6. Furthermore, in this channel, the scalar field

A%l + sin 2923 sin 2913 sin 29]2

Sin(A31 - aL)
(Azy —alL)

sin(aL)
1 (aL)

A, cos(Az; +9)

(18)

[
parameter, #, appears in the form of an average over the
frequency of oscillations uniquely mediated by the atmos-
pheric mass squared splitting Am3, as shown in Eq. (17).
The details on the expected signal and background events
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FIG. 2. Expected muon-neutrino and antineutrino disappearance (v,,/7,) event rates per year for an ESSUSB setup using the neutrino
oscillation parameters as given in [36], the left panel displays the baseline option of placing the detector at a distance of L = 540 km and

the right panel for L = 360 km baseline case.

for this channel were discussed in the previous section
Sec. III. As far as neutrino oscillation parameters are con-
cerned, the true values used in this analysis are Am3, =
75x107° eV2, Am3; =2.55x 107 eV?, 6, = 34.3°,
0,3 = 8.53° 6,3 =49.26°, and 6 = 194°, corresponding
to the best-fit values for normal ordering from Salas et al.
[81].% For oscillation parameter priors, we assume a 1o error
of 5% for Am3,, Am3,, 0,,, and 0,3. We also assume 3% for
0,3 and 10% for the leptonic CP-violating phase 6 [35]. In
addition, matter effects were considered, for both baselines,
with a constant density of p = 2.8 g/cm?® [25].

B. Muon-neutrino disappearance channel

Here we shift our attention to the muon-neutrino dis-
appearance channel, which benefits from a larger event
signal with minimal background contamination [36],* as
displayed in Table II. Besides the agreement on the
expected signal and background events, we verify that
our simulation accurately replicates the precision studies on
the atmospheric mixing angle 0,3 and mass squared splitting
Am%l from Fig. 8 of the ESSvSB Collaboration analysis [36].
The muon neutrino disappearance channel is optimal for
investigating the ULSF oscillation phenomenology. We
include in our analysis the corresponding matter effects

*We have verified that our results do not significantly change
by using the best-fit values from Ref. [82].

Regarding the muon-neutrino sample, a detailed physics
reach from the muon disappearance channel is not presented
in the ESSvSB CDR [37], our simulation is based on the results
from Sec. 3.2 of [36].

needed for a complete study of the ESS case [83], although it
does not significantly improve the sensitivity to Am3, in our
study, see e.g., the authors of Refs. [79,83,84]. In the standard
oscillation case, neglecting Am3, effects, the survival prob-
ability will be given by [85]

1
P(Vﬂ Ed l/”) ~]1 - sinzellvgsin22923sin2 |:§ (A31 - Ag/{ + AA):|

1
— cos?Osin?20,;sin’ [5 (As; +AY + AA)}

— sin?26)sin*0y3sin? A, (19)

where AYl = (Am3,)ML/4E,, A, = AL/4E, being 0} and
(Am3,)M, the effective reactor mixing angle 6,3 and atmos-
pheric mass-squared difference Am3, in matter, with A given
by A(eV?) = 0.76 x 10~*p(g/cm?)E,(GeV). For antineu-
trinos, we replace A — —A. As we have already discussed,
the scalar-field interaction parameter, #, enters in as an
average over the oscillation frequency mediated by the
atmospheric mass squared splitting Am3, as shown in
Eq. (17), in a similar way as in the electron neutrino
appearance channel. For the relevant neutrino oscillation
parameters in this channel (including matter effects), we
follow the same specifications as the electron neutrino
appearance channel.

In Fig. 2, we display our expected signal events as a
function of the neutrino energy, assuming one year of
exposure, for both neutrinos and antineutrinos. The left
panel is for the option of placing the detector at a baseline
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of 540 km from the source, and the right panel represents
the baseline option at 360 km from the source.

In Table II, the total number of events per year for signal
and background in the muon neutrino disappearance
channel is introduced for both neutrinos and antineutrinos.
In our analysis, we consider only the ,(v,) = 7,(v,) and
v,(D,) neutral current backgrounds for positive (negative)
polarity, respectively, since they are the main contributions
to this channel. As a result, there is essentially no back-
ground interference in the muon neutrino disappearance
channel.

C. Scalar-field sensitivity

In this subsection, we introduce our results of the ULSF
searches via neutrino oscillations at the ESSvSB from the
combined analysis at both appearance and disappearance
channels. We have already stated that the disappearance
channel will give a more restrictive result for this kind of
search due to its higher statistics. Still, we include in our
analysis both the electron appearance as well as the muon
disappearance channels, to be the most sensitive as
possible.

We employ a chi-squared test to quantify the statistical
significance of the ULSF sensitivity, which is given by the
adding the two channels using both neutrino and anti-
neutrino data sets. The y? function’ is given as

)(2 = E \Z% +X§rior’ (20)
3

where the corresponding 72 function for each channel £ =
{v,(7,) = v.(D,),v,(,) = v,(7,)} in the large data size
limit is given by

52

2
3
Nping (N?,lt/rue_Ni,I:e_:? (Q»’%{fj})> Msyst 6 2
5]

2
S i 07 true

(21)

The N3 are the simulated events at the ith energy bin
considering the standard three neutrino oscillations as a true

hypothesis. N3**" are the computed events at the ith energy
bin with the model assuming scalar field oscillations. Q =
{6012,013,03,6,Am3,, Am3,} is the set of oscillation
parameters, 7 is the ULSF parameter and {&;} are the
nuisance parameters to account for the signal, background
normalization, and energy calibration systematics, respec-
tively. Moreover, ¢; = \/N—f” is the statistical error in each

energy bin while o; are the signal, background

*More details on the implementation of the y? function,
systematical errors and priors in the GLoBES software [46,47]
can be found in [86].

normalization, and energy calibration errors (see
Sec. III). Furthermore, implementation of external input
for the standard oscillation parameters on the y? function is
performed via Gaussian priors

Npriors Q _ Q 2
}(grior — Z ( k true . k,test) i (22)
k

O

the central values of the priors €, are set to their true or
best-fit value for normal ordering [81]. o, is the uncertainty
on the oscillation prior, which corresponds to a 1o error of
5% for Am3,, Am3,, 0,5, and 053, 3% for 0,3, and 10% for
the leptonic CP-violating phase 6 [35], the summation
index k runs over the corresponding test oscillation
parameters to be marginalized.

Besides, the expected number of events at the ith energy
bin is calculated as [86]

E/+AE}/2
N aE;

N; 5
L* Je—ag)2

x /0 " dE®,(E)o, (E)P.y(E)K(E.ENe(E').  (23)

where E is the true neutrino energy, E’ is the reconstructed
neutrino energy, AE! is the bin size of the ith energy bin, N/
is a constant normalization factor that accounts for the
mass-year exposure and beam power, L is the baseline
distance, ®,(E) is the energy-dependent neutrino flux,
0,(E) is the energy-dependent cross section, P,z(E) is the
neutrino oscillation probability, K(E, E') is the energy-
response model or energy-resolution model of the experi-
ment, and e(E’) is the energy-dependent efficiency.
Moreover, the neutrino-oscillation probability Pz(E) =
PU,,—W/j (E, L,p, 9]2, 923, 9]3, Am%l, Am%l s 5), the energy-
resolution function, which relates the true and recon-
structed neutrino energies follow a Gaussian distribution

_ 2
-G

K(E,E') = \/E;R(E) exp{

where oz (E) = f/E/GeVGeV, in our case we assume
$ = (0.12,0.10) for (e™, u™), respectively.

Furthermore, N3 = S 4+ B, S¥, and B} are the
simulated signal and background events in each energy
bin within the standard three neutrino oscillations frame-
work, as described in Tables I, and II. They were computed
according to Eq. (23) with true oscillation parameters

fixed to their best-fit point for normal ordering (see
Sec. IVA). In addition, N> = § (1 4-&, 4 g(E')&)+
B¥(1+&+g(ENE), S, and B*™ are the corre-
sponding signal and background events in each energy bin,
assuming the model with scalar field oscillations where

Pus(E) = Pyy(E.n). Likewise, the {&;} are the nuisance
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Expected sensitivity to the scalar field parameter # from the atmospheric mass squared modulation at the ESSvSB setup; the

baseline choice of L = 540 km is shown in dashed lines, whereas the L = 360 km in solid lines. The contours inside the black, blue,

and red lines are the sensitivities at 1o, 20, and 30, respectively.

parameters describing the systematic errors, where &; and
&, account for the signal and background normalization,
respectively, whereas &; and &, account for the signal and
background energy calibration, the energy calibration
function g(E’) is

(EL~E)
(E;nax - E|

s
min )

9g(E') = (25)

where E is the mean reconstructed energy at the ith energy
bin; E' =1 (Epu + Ely,) is the median of the energy
interval, E, = 0.1 GeV is the minimum energy of the
reconstructed energy window while EJ,, = 1.3 GeV is the
maximum energy of the reconstructed energy window.

The sensitivity contours were computed based on the
Ay? = y* — 2. distribution, scanning over the test param-
eter pairs, either (sin® 6,3, 1) or (Am3,, 1), with the ULSF
parameter # arising from the average modulation on the
atmospheric mass-squared splitting A3, as given in
Eq. (17). All the remaining test oscillation parameters
are marginalized over. The standard three neutrino oscil-
lation picture is assumed as true hypothesis; the boundary
of the corresponding allowed regions were determined by
mapping the Ay? to corresponding confidence levels using
a y’-distribution, assuming Wilks theorem for two degrees
of freedom.

In Fig. 3, we show our sensitivities to the scalar field
scenario. The left panel displays the expected sensitivity to
the ULSF in the (7, sin 0,3) plane, whereas the right panel
shows the expected sensitivity in the (17, Am3,) plane,
respectively. The contours inside the black, blue, and red
lines are the sensitivities at (lo, 20, and 30), which
correspond to Ay? = (2.3,6.18, and 11.83) accordingly.

The star in the 5 — sin® 0,3 and n — Am?3, planes represent
the best-fit point used in the simulated data under the true
hypothesis. The solid lines assume an ESSvSB setup with a
baseline of L = 360 km, while the dashed lines represent a
baseline of L = 540 km.

We observe that the impact of the normalization system-
atic error is relevant for the L = 540 km baseline, mainly
due to a decrease in the signal events, spoiling the precision
on the atmospheric mixing parameters, 0,; and Am3;.
However, the sensitivity to the scalar field parameter is
not considerably affected. As a result, we anticipate a
ULSF parameter sensitivity of 7 < 0.043(0.039) at 3¢
and 7 < 0.032(0.028) at 90% confidence limit (C.L.) i.e.,
Ay? = 4.61, at the L = 360 km (L = 540 km) baselines.
Besides, the allowed values at 30 for the mixing
angle are 0.41 <sin? 0,3 < 0.62, and for the atmospheric
mass-squared difference 2.53 x 1073 eV2 < Am3?, £2.57x
1073 eV?, at the L = 360 km baseline option, while at
the L = 540 km baseline, the allowed values at 3¢ are
0.40 <sin?0y; £0.64 and 2.51 x 1073 eV? < Am; <
2.59 x 1073 eV2.

We can notice the relevance of the expected sensitivity
found here by comparing it with other studies for different
types of neutrino physics. For instance, for solar neutrino
experiments, it has been pointed out [20] that an order
O(10%) anomalous modulation on the neutrino fluxes, due
to an ultralight (m, ~ 10722 eV) scalar coupling with
neutrinos could happen at solar neutrino experiments.
This result translates into a bound to the scalar field
parameter of 7 ~ (0.1. In addition, a projected sensitivity
of n ~1.5% and n ~ 7.5% via Am%1 smearing are expected
at the JUNO and DUNE experiments, respectively [22].
Furthermore, bounds due to the modulations from the
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mass-squared splitting Am3, have been recently studied in
Ref. [26], reporting a 1o sensitivity to the # parameter for
different neutrino experiments, such as Daya Bay; with a
scalar field bound of # ~ 0.08 from the electron antineu-
trino disappearance channel. Similarly, the JUNO experi-
ment is projected to be sensitive to 7 ~ 0.005, and from the
electron neutrino appearance channel, a 7 ~ 0.01 bound is
expected for both DUNE and Hyper-Kamiokande, respec-
tively. Regarding DUNE, the authors of Ref. [25] obtained
a lo sensitivity of n~0.035. Hence, compared to our
projected lo sensitivities to the ULSF parameter at the
ESSuSB setup of 7~ 0.03 from the L = 360 km baseline
option and 5~ 0.027 from the L = 540 km baseline,
competitive bounds on the ULSF parameter can be
achieved. Consequently, we expect that with the inclusion
of the muon-neutrino disappearance data set, we can
motivate to extend the main physics program at the
ESSuvSB to search for this type of physics.

D. Some cosmological implications
of the neutrino-ULSF interaction

Before finishing this section, we would like to discuss
some important characteristics and details of the scalar field
in cosmology—they can be relevant when interpreting our
results.

We start this subsection by noticing, as stated in Ref. [20],
that the $¢ contribution in Eq. (9) will induce quantum
corrections’ to the ULSF potential

2
m
v, :7%52 + S, + OB + ... (26)

This contribution will produce a shift of the ¢ vacuum
expectation value (VEV) that goes as yn,¢, where n,, is the
neutrino number density. This shift could jeopardize the
features of the ULSF as dark matter since the VEV of ¢ will
be displaced at T ~ GeV,

n, . o $ n, 1072 eV
—) ~2 102! GeV :
g © <10—40> (O.lGeV3)< my

¢
(27)

For this reason, it is important to consider that the temper-
ature associated with the phase transition that sets the initial
conditions for the ULSF field it is well below 1 MeV [20].

If ¢ begins to oscillate at Tog. ~  /Mpymy (my /10722 eV) ~
keV [10], around this temperature, the redshift 7o, ~ 2 x 10°
and the average density py(z) ~107p o (1 + z)*. Thus,
the scalar-field amplitude ¢yey(z =2 x 10%) =~ 10%0 eV
107 GeV. From the sensitivity to the ULSF parameter

®The tadpole contribution vanishes for off-diagonal couplings
where Tr[m,$;;] = 0 in flavor space [26].

n~0.01 at ESSuSB, using Eq. (14) we obtain y ~
1072 (my/1072? eV) at present time. However if the

coupling $ remains unmodified back to the oscillation
temperature, the VEV of the scalar field ((—¢) = Ppin) is

yn, 20 y n,
—) ~ 2 1020 Gev
(=) ) ¢ <10—23> <10—19 GeV3>

8 (ﬂ) (28)

My

thus, ¢, ~ 10° ¢y [which requires a coupling ¥ <
107%(my/1072* eV) to avoid large corrections to the neu-
trino mass, well below the sensitivity of any terrestrial
neutrino oscillation experiment]. Furthermore, the contribu-
tions to the neutrino mass are Vv =~ 10’ eV and
$pmin =~ 10° eV, hence the effective neutrino mass at this
temperature would be 7i2(1) ~ 10° eV.

On the other hand, around matter-radiation equality
where Toq ~ 1 eV; the potential $¢p ~ 1072 x 102 eV ~
0.1 eV and (¢ + Pmin) ~ 0.11 eV. Besides, the effective
neutrino mass 7i(t) =~ m, + (¢ + ¢min), assuming a bare
neutrino mass m, ~0.1 eV we obtain m(t) ~0.21 eV,
which is within the limit of the CMB constraint > ; m; <
0.23 eV [87]. Therefore, without invoking any model
realization, unless the temperature associated with the
phase transition of the ULSF occurs after matter-radiation
equality (say at T ~ m, ~ 0.1 eV), strong constraints apply
to the neutrino-ULDM scenario at ESSvSB. Moreover, if
this transition happens after the formation of the CMB, the
ULSF can only constitute a fraction of the DM [22].
Therefore, in our analysis for the ESSvSB, we can consider
the scalar field as being a component of the dark matter, or
to be just an ultralight scalar field without participating of
the DM components [88].

In the case that the phase transition can happen at
temperatures of the order of 10 MeV, there could be
potential contributions to the effective number of neutrino
species N during big bang nucleosynthesis (BBN). In this
scenario, the interaction term y¢ could increase N during
BBN. However, the density of thermal neutrinos may have
dominated the ULSF potential throughout this epoch,
modifying Egs. (5) and (6).

For instance, within the scenario of active-sterile mixing
[31] where $=sin’fg, a potential gpo ~ 1077 eV
(9/10722)(107'% eV/m,) is able to maintain ANgy<
1072, increasing the potential will further reduce the
contribution to AN.;. From the sensitivity to the ULSF
parameter 7 ~ 0.01 at ESSvSB, we obtain a similar poten-
tial gppo ~ 1077 eV (§/1072)(0.1/ sin* 6) (107" eV/m).
Therefore, we do not expect a restriction from BBN in this
scenario. Other constraints from BBN can be found in
Refs. [30,89-91].
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On the other hand, the CMB observations constrain the
sum of the neutrino masses »_; m; < 0.23 eV [87]; for
modulations via Am%l, according to [22], this implies
n(z=0) <9 x107(my/1072* eV), which is in good
agreement with the ESSvSB sensitivity, 7(z = 0) < 0.01.

Within the CMB era, there could be an important case to
consider for us. If the potential ¢ dominates over the
neutrino bare mass terms, the neutrino mass will signifi-
cantly change. The relevant neutrino mass states v, v3 will
have the contribution [20]

A 29154/2p
ma(e) =913 = =D, (29)

The CMB bound on the neutrino masses’ implies a restriction
for the coupling, T3 (z = 0) <6 x 1072 (m,, /107 V).
As we have mentioned, ESS2SB will be sensitive to the
phenomenological parameter 1 [Eq. (14)] at the percent
level,

/INESS 5’i\/ﬁ’_¢/m¢- (30)

This means that, for our usual choice of values my and P> the

sensitivity to the coupling ¥ (z = 0) would be at least one

order of magnitude smaller than the ESSvSB sensitivity.

The previous discussions assume that the ULSF accounts
for all the DM in the Universe (p, = ppm,e)- This may not be
the case, and the ULSF could be only a fraction of this DM.
The main phenomenological parameter, 7, includes the DM
density and would imply that $, 5 o 17/ \/Pg-1f the ¢ accounts
for less than 20% of the total DM density [33]; the scalar field
amplitude ¢ decreases by a factor of two, thus the coupling
P13 22 x1073(5/0.01)(m,/1072* eV). Therefore, in this
scenario, the sensitivity to 9 3 will be weaker. On the other
hand, for the local DM density ppy o =~ 0.3-0.6 GeV /cm?;
for py = ppme, the coupling can vary between the
range 9,3 = [1/v2 — 1] x 1073(5/0.01)(m;/1072 V).

Notice that, since ;3 xnmy, a larger ULSF mass
will reduce the sensitivity on the coupling y, 3 for fixed
density Py However, most observational features of a
ULSF as DM favor a mass range mgy~ (107" —10) x
10722 eV [4-8,10,12-16,65,66,74].

Finally, we might worry about the thermalization of the
ULSF at distant past via v¢p — v¢ scatterings, which can
lead to equilibrium among neutrinos and the ULSFE
Nevertheless, the elastic scattering cross section for a scalar
self-conjugate field, such as the ULSF with active

"Recently, fits using the CMB and LSS data sets give a
constraint »_;m; <0.40 eV [92] that would imply a weaker
restriction on J 3.

neutrinos, via a spin one-half fermion N (My > my)
exchange is zero [93].8

V. CONCLUSIONS

The dark matter problem is one of the main puzzles in
physics, and different solutions have been proposed over
the years. The existence of dark matter has been a strong
motivation to explore alternative physical models and
interactions to understand all its physical consequences
ranging from particle physics to cosmology. In particular,
the scalar field dark matter proposal is very successful at the
cosmological level and deserves further exploration of its
possible interactions with a Standard Model particle.

In this paper, we have discussed in detail the implications
of a hypothetical interaction between neutrinos and an ULSF,
as well as the case were this field is a DM candidate. We
focused in the case of the long-baseline neutrino experiment
atthe ESSvSB. As already discussed, a broad set of proposals
considers either modifying of gravitational interactions or
new particles at different mass scales. We have focused on the
case of an ultralight scalar field and its hypothetical inter-
action with neutrinos. In this scenario, a modification in the
expected oscillation pattern in long baseline neutrinos is
expected. This modification could affect either the neutrino
mixing angles or mass squared differences. The ESSvSB is
sensitive to the ULSF via modulations on the atmospheric
mass-squared difference Am3,.

We found that sensitivities to the main parameter
modeling the interaction between the ULSF and neutrinos
are 7 < 0.043(0.039) at 30 and 7 < 0.032(0.028) at
90% C.L., from the L = 360 km and (L = 540 km) base-
lines, respectively. Our bounds are comparable to other
long-baseline searches of this parameter. For instance, in
Ref. [22], a projected sensitivity of # ~ 1.5% and n ~7.5%
via Am3, smearing are expected at JUNO and DUNE
experiments, respectively. Projected lo sensitivities of
n ~0.035 at DUNE [25] and 1 ~ 0.01 [26] at both DUNE
and Hyper-Kamiokande were also reported in the literature.
Regarding reactor neutrino experiments, lo sensitivities of
n~0.08 from Daya Bay and 7 ~ 0.005 from JUNO are
reported [26]. All these bounds are comparable to our lo
sensitivities to the ULSF parameter at the ESSUSB setup,
namely 7 ~ 0.03 from the L = 360 km baseline option and
n~0.027 from the L = 540 km baseline. Therefore, the
incorporation of the muon-neutrino disappearance sample
will not only benefit precision measurements at ESSvSB [36]
but also opens a window to search for scalar-field modu-
lations from the atmospheric mass-squared splitting Am3,.

The ESSvSB experiment represents an opportunity to
measure the leptonic CP-violating phase accurately.
Besides, it will allow searching for different types of

8For the scenario discussed in Ref. [30], thermalization can be
avoided.

075023-11



CORDERO, DELGADILLO, and MIRANDA

PHYS. REV. D 107, 075023 (2023)

new physics at a competitive level. The case of the ULSF
candidate is an example of this potential.
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