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We investigate constraints on large extra dimensions (LED) using the latest results from reactor
antineutrino experiments. Specifically, we analyze the full data sets from Daya Bay, RENO, Kam-
LAND, NEOS, and STEREO to derive updated bounds. For the case of one extra dimension, we
find constrains on its radius a of @ < 0.58 um (a < 0.12 pm) at the 99% confidence level for normal
(inverted) ordering, an improvement of approximately ~ 20% (~ 25%) with respect to previous
bounds, assuming a massless lightest active neutrino. Furthermore, we present new limits on 4 4 d
LED scenarios, with d = 2, 3,4 denoting the number of extra dimensions, based on the same reactor
data and assuming equal radii for all extra dimensions. We find that the constraints become in-
creasingly stringent with a larger number of extra dimensions. In particular, d = 4 with a massless
lightest active neutrino, we obtain limits of ¢ < 0.28 pm for normal and a < 0.05 pm for inverted

orderings at the 99% confidence level.

I. Introduction

The experimental confirmation that neutrinos possess
mass, established through the observation of neutrino os-
cillations [1, 2], has motivated efforts to understand the
origin of the mass hierarchy between charged leptons and
neutrinos. The most prominent mechanism proposed to
explain this disparity is the see-saw model [3-12], which
introduces right-handed neutrinos, singlet states under
the Standard Model (SM) gauge group, into the parti-
cle spectrum. Because these singlet fields are not con-
strained by SM gauge symmetries, they can acquire Ma-
jorana mass terms whose scale is not protected and may
therefore take arbitrary values. If these Majorana masses
are of the order of a grand unified theory (GUT) scale,
0O(10'? GeV), the resulting left-handed neutrino masses
are naturally suppressed relative to the electroweak scale,
thereby accounting for their observed smallness. In this
scenario, it is therefore predicted that neutrinos are of
Majorana nature.

There are, however, alternative scenarios that can ac-
count for the smallness of neutrino masses. An interest-
ing possibility is the existence of additional compactified
spatial dimensions. This idea originally emerged as an at-
tempt to address the SM hierarchy problem, that is, the
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large disparity between the Higgs mass and the Planck
scale [13]. If gravity is allowed to propagate through the
extra dimensions while the SM fields remain confined to
a four-dimensional brane, gravity appears weaker than
the other fundamental interactions, effectively pushing
the observed Planck scale to a large value [13].

In a similar manner, if the right-handed degrees of free-
dom are allowed to propagate through the extra dimen-
sions, the active neutrino masses become suppressed with
respect to the electroweak scale [14]. Since the presence
of large extra dimensions (LED) leads to the appearance
of a tower of states in the four-dimensional brane, known
as Kaluza-Klein (KK) modes, neutrino oscillations can
be significantly modified as the KK states mix with ac-
tive neutrinos [14-16]. Therefore, depending on the LED
parameters, active-sterile oscillations may occur and can
be constrained by experimental data.

As such, limits on LED from neutrino data have been
derived from a variety of sets, including short- and long-
baseline experiments [17, 18], solar anomalies [19, 20],
IceCube measurements [21], beta-decay data [22-24], cos-
mological observations [25, 26|, colliders [27], and re-
actor antineutrino experiments [17, 20, 28, 29]. Also,
there exist some forecast for future experiments such as
DUNE [30, 31], SNBD [32], JUNO [33], P2SO [34], or
nuSTORM [35]. Current constraints are dominated by
the MINOS and Daya Bay experiments, depending on
the neutrino mass ordering [20]. Moreover, most of the
derived bounds have been obtained under the assumption
of a single LED. This assumption is justified by consid-
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ering that any additional extra dimensions would have
smaller radii, and therefore would not affect the oscilla-
tion pattern.

In this work we update the constraints coming from
reactor antineutrinos on LED from the latest results
of Daya Bay [36, 37], RENO [38], KamLAND ([39],
STEREO [40], and NEOS [41] experiments. For a negli-
gible mass of the lightest neutrino, we find that for the
normal ordering (NO) the bound is still dominated by
MINOS, while for the inverted ordering (IO) the bound
is improved by about 30%. Additionally, we go beyond
the assumption of the dominance of a single extra dimen-
sion following the procedure established in Refs. [16, 27]
to compute the oscillation probabilities. We derive lim-
its for 4 + d dimensions, with d = 1,...,4, assuming all
extra dimensions have the same radius.

This paper is organized as follows. In Sec. I, we de-
scribe the LED model in the 4 + d scenario and the com-
putation of the oscillation probability in such a case. In
Sec. III, we describe the generalities of the reactor an-
tineutrino simulations used in the determination of our
bounds. Finally in Sec. IV and Sec. V we present our
results and conclusions, respectively. App. A contains
the detailed description of the simulation of the reac-
tor experiments used in this work. Throughout this
manuscript, we adopt the natural units system in which
h=c=kg=1.

II. Large Extra Dimensions

Large extra dimensions (LED) have been proposed as
a potential solution to the long-standing hierarchy prob-
lem [13, 42]. This proposal is based on the assumption
that gravity, unlike the Standard Model (SM) fields, is
not confined to our familiar 4-dimensional spacetime (or
brane), but can also propagate through additional spa-
tial dimensions. Meanwhile, SM fields remain restricted
to the 4-dimensional brane. Under this scenario, gravity
appears significantly weaker than the other fundamental
forces to an observer confined to the brane. This weak-
ness arises because gravity spreads into the extra dimen-
sions, effectively diluting its strength in our 4D space-
time. The observed 4-dimensional Planck scale, My, is
related to the fundamental Planck scale in (4+d) dimen-
sions, My, by the relation

MZ = M§+dvd7 (1)

where Vj is the volume of the compactified d extra di-
mensions.

If the fundamental scale is of the order of the TeV
scale, My ~ TeV, and the extra dimensions are com-
pactified in the form of a d-dimensional torus such that
Vi = (2ma)?, with a denoting the radius of the extra di-
mensions, then the observed 4-dimensional Planck scale,
M, = 2x10'® GeV, is recovered if the extra-dimensional
volume is large enough. For instance, in the case of a
single extra dimension (d = 1), this requires a radius of

approximately a ~ 6 x 1013 cm [43]. Such a large value for
the extra-dimensional radius is ruled out by observations.
However, considering the case of two extra dimensions
(d = 2), the required radius reduces to approximately
a ~ 0.4 mm. This range is already being probed by
experiments designed to detect deviations from the grav-
itational inverse-square law, leading to an experimental
upper bound of a < 20 pum. This constraint, in turn,
implies a lower bound on the fundamental Planck scale,

Mg Z 4 TeV [43]. Since the fundamental Planck scale

would be close to the electroweak scale, My ~ G;l/ 2,

where G is the Fermi constant, corrections to the Higgs
mass would be of the same order as its mass, solving the
hierarchy problem.

Beyond addressing the weakness of gravity, LED mod-
els have also been proposed to explain the smallness of
neutrino masses [14, 44]. In this class of models, right-
handed neutrinos, as SM gauge singlets, are allowed to
propagate in the extra dimensions. Their Yukawa in-
teractions with lepton and Higgs doublets then give rise
to neutrino masses compatible with observations. These
same interactions also induce mixing between active neu-
trinos and the Kaluza-Klein (KK) modes of the bulk
fermions, which appear on the 4-dimensional brane as
sterile neutrinos, leading to observable deviations in the
oscillation patterns measured in various experiments [15—
18, 20, 21, 27].

In the following, we adopt the formalism presented in
Ref. [16], which provides a general derivation of the oscil-
lation probability in scenarios with d extra dimensions.
We begin with the general action . defined in the full
(4 + d)-dimensional spacetime,

I = /d4x A%y [Lauie + 6(Y) Lorane] » (2)

where Zgu describes the dynamics of fields propagating
in the (4+d)-dimensional bulk, namely gravity and right-
handed neutrinos, while %5 ane encodes the interactions
of the SM fields confined to the brane, localized at y = 0.
For the neutrino sector, the relevant terms are given by

Lok O Vil ™MDy 0, (3a)
Ys

Drane D _T/ﬂszaL'(/)ﬁR + h.c., (3b)
M
d

where ¥, denotes three fermionic fields propagating in
(4+d) dimensions, I'M are the Dirac matrices, and Dy is
the covariant derivative, all defined in (4+d) dimensions.
On the brane-localized Yukawa interactions contained in
LBrane, Yap are the Yukawa couplings, assumed to be of
O(1), H is the Higgs field, 7, are the active neutrino
fields, and vggr corresponds to the right-handed, four-
dimensional projection of the bulk fields ¥,,.

Performing the KK expansion as described in Ref. [16],



we obtain the 4-dimensional neutrino mass Lagrangian:
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In Eq.(4), the Dirac masses mgﬁ are
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where v is the Higgs vacuum expectation value. From
this expression, it follows that neutrino masses are sup-
pressed relative to the electroweak scale v if the product
VaM j is large, even when the Yukawa couplings Y,z are
of order one, offering a natural explanation for the small-
ness of neutrino masses.

Additionally, n? = Zf (nZ, with n; = 0,1,..., 00,
where each n; labels one of the extra dimensions, exclud-
ing the combination where all n; = 0 in Eq. (4) [16]. As
a result, there are k; degenerate modes with coupling
|7s|/a. For example, in the case of d = 2, the states with
mass 5/a have a multiplicity of k; = 4, since the com-
binations (n1,n2) = {(0,5),(3,4), (4,3),(5,0)} all yield
the same value of |7|.

Clearly, the mass Lagrangian is still not diagonal. The
mass matrix is

vemP 3
M= : S , (7)
(V2mPy<kaT gxka® ... 2l

where the notation 2*? denotes the value = repeated d
times as entries of a row or column vector, and i = 1,2, 3
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is a generation index. To diagonalize the mass matrix,
two unitary matrices, L; and R;, must be determined
such that RjMiLZ— is diagonal. The mass eigenstates
are then defined by 7t = Livi = Rivji.
& = v/2mya, and noting that L; consists of the eigen-
vectors of MJ M;, one can obtain L;. The eigenvalues
and eigenvectors of the following matrix will be relevant
for this purpose [17]

Defining

X =a’M'M
(Za+3)& & ... (Ial&)*™ ... N§&
& 1 ... ... 0
= lim
N—o00 (lmfz)anT ...... |n‘2'1kﬁ 0
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where 24 =), ki, such that for d =1, 2, =

As noted in Ref. [16], certain caveats must be con-
sidered in the treatment of neutrino oscillations. First,
the KK expansion must be truncated at the cutoff scale
My, beyond which the effective theory breaks down. For
d > 1, the KK sum may also diverge due to the increas-
ing degeneracy of the 7y, states [16]. Finally, one may ask
whether higher-dimensional operators or a UV comple-
tion could suppress the off-diagonal mass terms, thereby
weakening oscillation constraints. However, since the
same operator generates both diagonal and off-diagonal
terms, such suppression would conflict with experimental
bounds. As aresult, the constraints on 1/a remain robust
for d < 3, although they may exhibit mild dependence
on the UV completion [16].

Once the diagonalization is performed, the transition
probability P(ve o I/éo), L) is given by

PO v L) = | (VO — v, .

The corresponding transition amplitude for a neutrino
with energy E traveling a distance L is given by

A2

where )\;n) are the Hamiltonian eigenvalues while the matrices U and W describe the mixing among active neutrino



flavors and between active and KK modes, respectively. In general, the Hamiltonian in the mass basis takes the form
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where V accounts for possible matter effects during neutrino propagation and is given by [17]

Viij= > UliUa;Va, (12)

a=e,u,T

with V,, = vV2G {8cane — nn/2}. Here, n, and n,, denote the electron and neutron number densities in the medium,
respectively. The symbol 0., represents a zero matrix of dimension = X y.

In the limit £; < 1 and assuming vacuum propagation, approximate expressions for the eigenvalues can be obtained,
see Ref. [16],

fj JQ = kn’
== 1--== for n =0,
i\l T2 2wy

A 2 13
! n <1 + 525k (13)

for n > 1 and the 1 state,

n for n > 1 and the remaining (k, — 1) states.

In vacuum, the elements of the mixing matrix take the form W(]0n) W(O”)éw, indicating that KK modes associated
with dlfferent generations decouple. This matrix coincides with the matrix L; defined earlier and is given by
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Note that for d = 1, we have k,, = 1 for all n, so that Z |n'| =% = 72 /6, reproducing the same eigenvalues and mixing
n’=1
approximations given in Refs. [15, 17, 18, 20, 21]. For d > 1, however, the previous approximations are only valid if
(o]

the sum Z En/|n'| ™2 converges, which might not be the case. In the same limit, the oscillation amplitude can be
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where Amfj =m? — m? as usual, and multiplied by an

irrelevant phase exp(—z’)\go)L/ (2Ea?)). For clarity, we
have taken WJ(OO) ~ 1, )\EO) = fj/\/i and /\g.n) ~n
for all n > 1. As pointed out in Ref. [18], the first
term corresponds to the standard three-neutrino oscil-
lation amplitude, while the remaining terms represent
contributions from the extra-dimensional modes. These
additional terms introduce interference effects that devi-
ate from the standard oscillation pattern. The factor &,

(

which appears in the presence of extra dimensions be-
yond d = 1, enhances the contribution of KK modes to
the mixing. As a result, for d > 1, larger deviations from
standard oscillations are expected due to the increased
number of states involved in the propagation. This can
also be interpreted as an effective enhancement of the
active-sterile mixing angle, leading to a greater disap-
pearance of active neutrinos.

In Fig. 1, we show the electron antineutrino survival
probability in the presence of LED for different numbers
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FIG. 1. Electron antineutrino survival probability as a function of energy in the presence of LED, shown for d = 1 (purple),

d =2 (orange), d =

3 (green), and d = 4 (turquoise). Each row corresponds to a different baseline: L = 24 m (top), L = 1 km

(middle), and L = 180 km (bottom). Left and right panels show results for normal and inverted mass orderings, respectively.

The parameters are fixed to a =1 pm and mo = 0.01 eV.

of extra dimensions: d =1 (purple), d = 2 (orange), and
d = 3 (green). We consider three baselines, L = 24 m
(top), L = 1 km (middle), and L = 180 km (bottom),
for both normal (left panels) and inverted (right panels)
mass orderings. The parameters are fixed to a = 1 pym
and a lightest neutrino mass of mg = 0.01 eV. At short
baselines, where standard oscillations are not expected,
increasing the number of extra dimensions leads to a sup-
pression of the survival probability. For instance, in the
case of d = 3 and inverted ordering, the probability can
drop to P(pe — 7.) =~ 0.25. In contrast, for normal
ordering, the suppression is milder, with the probabil-
ity remaining above P(¥, — 7.) &~ 0.9. This deviation
from the standard three-neutrino expectation becomes
more pronounced as the baseline increases. Additionally,
we observe oscillatory features arising from the contribu-
tions of higher KK modes (i.e., larger values of n). At the
longest baseline considered, L = 180 km, an additional
effect appears, a shift in the oscillation minima due to
modifications in the Hamiltonian eigenvalues induced by
the presence of LED.

We now briefly comment on the difference between nor-

mal and inverted ordering. As discussed in Refs. [17], the
contribution from KK states to the oscillation amplitude
scales as @ (Vo — Vg) X >, fizUMUEi, meaning that the
PMNS matrix elements are weighted by the squared mass
of the corresponding neutrino state. In the NO case, the
largest mass term &3 is suppressed by the small value of
sin? 6,3, resulting in a less pronounced LED effect. On
the other hand, in the IO case, the dominant contribu-
tions come from & and &, which are not suppressed,
leading to stronger deviations.

Having analyzed the impact of LED on oscillation
probabilities, we now turn to its implications for neu-
trino phenomenology, focusing specifically on reactor an-
tineutrino experiments. In the following, we numerically
diagonalize the full Hamiltonian to obtain the mass eigen-
values and mixing matrix for d > 1. The KK tower is
truncated at N = 6, as including additional modes was
found to have a negligible impact on the results.



ITII. Reactor Simulations

In reactor neutrino experiments, a flux of electron an-
tineutrinos is produced with energies in the MeV range.
This flux originates from the fission of four isotopes, pri-
marily 2%°U and 239Pu, with additional contributions
from 238U and ?4'Pu. Several theoretical calculations
of the reactor neutrino flux have been performed. In
our case, for the two dominant isotopes, we use spectra
extracted from reactor measurements [36], while for the
remaining two, we rely on predictions from the Huber-
Mueller model.

The reactor neutrino flux has been measured across a
wide range of baselines, from ~ 10 m [40, 41] to several
hundred kilometers [39]. These measurements have en-
abled the most precise determinations of some oscillation
parameters. For instance, kilometer scale measurements
have provided precise determination of parameters such
as sin? ;3 and Am2, [37, 38]. Longer-baseline experi-
ments have allowed for the determination of Am3; [39].
Meanwhile, short-baseline experiments have been used
to search for oscillations at shorter wavelengths, induced
by eV sterile neutrino [40, 41, 45, 46]. Future measure-
ments of reactor neutrino fluxes will further improve our
understanding of neutrino evolution [47-49].

For this analysis, we use the full datasets from Daya
Bay and RENO at the 1 km baseline. For long-
baseline measurements, we include KamLAND [39], and
for short-baseline experiments, we incorporate NEOS and
STEREO. Although we use the same reactor flux model
across all these analyses, we adjust the experimental ef-
ficiencies, exposure times, and systematic uncertainties
to accurately reproduce the observed spectral data. See
App. A for a detailed description of the simulations used.

In all these experiments, neutrinos are detected via
inverse beta decay (IBD), ; +p — n + e*. The an-
nihilation of the positron gives rise a two photon signal
(prompt-signal) with a total energy of 1.022 MeV. The
posterior capture of the neutron by the hydrogen leads to
a photon emission of 2.2 MeV gamma ray, called delayed
signal. The prompt energy (E,) is related to positron
kinetic energy by, E, = T, + 1.022 MeV. Assuming the
neutron is at rest, the neutrino energy can be inferred
from the prompt signal by E, ~ F, 4 0.78. In the anal-
ysis, the event distribution is presented as a function of
the prompt energy.

Figure 2 shows an example of the data measured by
Daya Bay over 3158 days [37], for the three experi-
mental halls, along with the expected event distribution
under the standard three-neutrino oscillation scenario.
For this prediction, we use Am3; = 2.5 x 1073eV? and
sin” 26,5 = 0.085, as well as the flux parameters that best
describe the data. The figure also includes the prediction
assuming the presence of LED, for d=1 with a = 3um
and mo = 0.1 eV.

The presence of LED reduces the expected number
of events due to the coupling between active and ster-
ile states, and introduces new oscillation lengths arising
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FIG. 2. Observed event spectra at Daya Bay, along with the
best-fit predictions for the standard 3 v framework and the
LED model. The standard oscillation parameters used are
Am3, = 2.5 x 107% eV? and sin®2613 = 0.085, while the
LED parameters are a = 3 pm and mo = 0.1 eV. The event
distribution is shown as a function of the positron kinetic
energy.

from the Kaluza-Klein (KK) modes. These additional
oscillations are more visible at shorter baselines, as seen
in the flux measurements at EH1 and EH2.
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FIG. 3. Large extra dimension constraints a and mo for d = 1, i.e., 5D for the NO (left) and IO (right). We present the
excluded regions from Daya Bay (orange), RENO (blue), KamLAND (dark blue), STEREO (green), NEOS (fuchsia) and their

combination (black) at 99% (full) C.L.

IV. Results

The combined analysis of reactor neutrino measure-
ments across the full range of baselines where this flux has
been observed allows us to search for oscillations induced
by the KK-modes throughout the entire mass range ac-
cessible by the reactor spectrum. This lead us to the
first global-reactor neutrino analysis aimed searching for
LED.

The results of the analysis for each experiment are
shown in Fig. 3 for the five-dimensional (d = 1) LED
scenario, considering both normal ordering (left) and in-
verted ordering (right). The limited baseline range ex-
plored by short-baseline reactor experiments, combined
with the low statistics due to the smallness of the de-
tectors, allows these experiments to probe only a narrow
region of the parameter space. Specifically, they are sen-
sitive to masses in the range 5 x 1072eV < mg < 2eV
for a > 0.1 pm.

The region corresponding to larger neutrino masses
(mp > 2 eV) is excluded by measurements at longer
baselines. For very light neutrinos (mg < 1072 eV),
medium-baseline reactor experiments (L ~ 1 km) pro-
vide the most stringent constraints. In the case of NO,
the combined analysis indicates that the radius of the
extra dimension must be smaller than a < 0.58 pym at
99% CL. For 10, where the impact of LED on neutrino
evolution is more pronounced, the bound becomes more
stringent @ < 0.12 ym at 99% CL.

When considering scenarios with a larger number of

extra dimensions, d > 1, the amplitude of the new os-
cillation modes becomes more pronounced, leading to
a stronger impact on neutrino evolution. As a result,
the constraints on the radius of the extra dimension be-
come tighter for both normal and inverted mass order-
ings, as illustrated in Figure 4. In these cases, we have
focused on experiments with baselines near the kilome-
ter scale, Daya Bay and RENO, since, as observed in the
five-dimensional scenario, the sensitivity is dominated by
those measurements.

For normal ordering and light neutrino masses, (mgy <
1072 eV), the bounds on the radius of the extra dimen-
sion become increasingly stringent as the number of di-
mensions increases. The constraints are: a < 0.45 um
ford =2, a < 0.38 pum for d = 3 and a < 0.28 pm for
d = 4'. As in the case with a single extra dimension,
the impact of LED on neutrino evolution is more signif-
icant under inverted ordering, resulting in even stronger
bounds: a < 0.09 um for d = 2, a < 0.06 pm for d = 3
and a < 0.055 um for d = 4.

1 As noted before, we note that the case of d = 4 might be more
heavily dependent on the UV completion. However, we derived
constraints without assuming any specific case.
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V. Conclusions

The possible existence of additional spatial dimensions
beyond the three observed ones has profound implica-
tions for particle physics. In particular, their presence
could address some long-standing open problems, such
as the hierarchy problem and the smallness of neutrino
masses. In the latter case, the introduction of additional
right-handed neutrinos that are allowed to propagate
through the extra dimensions gives rise to Kaluza-Klein
modes that mix with the standard neutrinos, thereby po-
tentially modifying their oscillations.

In this work, we have updated the constraints on the
size of the extra dimensions using the complete data sets
from several reactor antineutrino experiments, namely
Daya Bay, RENO, KamLAND, STEREO, and NEOS.
We find that the bound is dominated by Daya Bay data,
with only a marginal contribution from RENO. Our re-
sults show that the limits improve by approximately
~ 20% (~ 25%) for normal (inverted) ordering in the
limit where the lightest neutrino is massless.

Additionally, by numerically computing the oscillation
probability for different values of d, the number of extra
dimensions, we have derived for the first time constraints

on d = 2,3,4 using reactor data under the assumption
that all extra dimensions share the same radius. Since
the oscillation probabilities deviate significantly from the
standard case as the number of extra dimensions in-
creases, due to the additional mixing induced by the KK
modes, we find that the bounds become more stringent
for larger d. Specifically, for d = 2 (4), the limit on the
size of the extra dimensions is a < 0.45 pm (0.28 pm) for
NO at the 99% confidence level. For 10, the correspond-
ing bounds are a < 0.09 pm (0.07 pm) for d = 2 (4) at
the same confidence level. These results highlight the
constraining power of neutrino oscillation data in ex-
ploring scenarios beyond the SM. The next generation
of neutrino oscillation experiments will further enhance
our ability to probe such physics.
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A. Simulation Detalils

In this section, we provided a detailed description of
the data simulated included in this analysis.

1. Daya Bay

The final analysis of the Daya Bay experiment [37] in-
corporates data collected over 3,158 days of operation at
the Daya Bay-Ling Ao nuclear power facility in Shen-
zhen. The experiment comprised six 2.9-GWy, reac-
tors, distributed across three underground experimen-
tal halls designated EH1, EH2, and EH3. Up to eight
antineutrino detectors (ADs) were deployed to capture
the emitted 7, flux. Each AD contained approximately
20 tonnes of liquid scintillator doped with 0.1% gadolin-
ium by weight (GdLS), used to detect inverse beta decay
(IBD) events [50-53].

The flux at each detector hall is calculated as the sum
of contributions from all reactors to all detectors within
that hall:

L =N"STUN, Myeg W UMUFL%)Q, (A1)

4 4mL,
where N, is the number of free protons, given by N, =
N afylgmy, with N4 being the Avogadro’s number, fy
the hydrogen fraction, Iy the isotope abundance, and my
the atomic mass of Hydrogen. The number of targets is
weighted by the detector efficiency (g4).

The anti-electron neutrino flux depends on the thermal
power of the r-th detector, Wt(}:), and the anti-neutrino
spectra (S, (E,)), given by Daya Bay masurements [36].
The experiment run in three configuration periods using
six (6AD), eight (8AD) and seven (7AD) detectors. Re-
actor power data were only provided for the 7AD period;
for the 6AD and 8AD periods, we used averaged values.

The flux of U, is further weighted by the survival prob-
ability Py__,5, . To obtain the expected number of events,
the antineutrino flux is convolved with the inverse beta
decay cross-section [54] and the duration of each data-
taking period: 217 days for the 6AD configuration, 1,524
days for 8AD, and 1,417 days for 7AD.

In this analysis, we fit the observed data using a Gaus-
sian x? function:

norm E TEH ex 2
[+ apgm) (£2) ™ Nk, — Nodi |

Ngh
2
qRorm 2 abkg 2
+3° ( BH ) Y a2 +(7EH) (A2)
EH Onorm Obkg Oy

We sum the contributions to the x? from each energy bin
(b), each data-taking period (p), and each experimental
hall (EH). The expected number of events in each bin is
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given by the sum of the expected number of electron an-
tineutrinos arriving at the detector and the background
contribution:

NEXP

bk bk
bEHp (1 +a T ) N 5

bEHp>

bEHp(0137 Am o)t (A3)
where N, fé‘f’lp is the total number of expected background
events. In this analysis, we assume a flux normalization
uncertainty ap™ with operm = 0.22%. We also include
a background normalization uncertainty of opig = 10%.
The dominant uncertainty arises from a modification of
the energy spectrum of the flux, parameterized by a tilt
factor (E/Epiy)?, with Epi, = 2.5MeV and o, = 1%.
Figure 5 shows a comparison between the results ob-
tained in this analysis (regions) and Daya Bay collab-
oration (dashed lines) in the standard 3v scenario.

2. RENO

The RENO experiment measured the electron antineu-
trino flux from the Hanbit nuclear power plant in Yeong-
gwang. The final data analysis includes 3,800 days of
data collection. The experiment consists of two identical
detectors: the near detector is located 294 meters from
the center of the six 2.8-GWyy, reactors, while the far
detector is located 1,383 m away. Details of the detec-
tor design and data acquisition system can be found in
Refs. [55, 56].

Similar to the Daya Bay analysis, we performed a
simulation to reproduce the number of observed events.
The simulation follows the same methodology as used for
Daya Bay. The chi-squared function used in the RENO
analysis takes the following form:

exp Nobs]

Eb/Epr
X 722 Nobs
N,F b
bkg ol 2 qlite\ 2
+(— +
bkg act OLiHe

D)

g
mN,Ep N flux

2|t

@)
We sum the contributions to the x? from both the near
and far detectors and across all energy bins. We include
uncorrelated uncertainties for each background compo-
nent, such as contamination from 2°2Cf (a®!) and the
isotopes Li and 8He (a!®), which are produced inside
the detector by cosmic muons. Background predictions
are taken from Ref. [38]. For these backgrounds, we as-
sume a common uncertainty of ocy rime = 4.15%.

We also account for variations in the energy depen-
dence of the neutrino spectrum using a tilt factor, with
an associated uncertainty of o, = 0.4%. Additionally,
we include uncertainties in the contributions from each
isotope and the relative flux between the near and far de-
tectors, all parameterized by o™ with an uncertainty

(A4)
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FIG. 5.

sin22913

Analysis of Daya Bay (left) and RENO (right) final data release considering the 3v scenario. The results of this

analysis are given by the colored regions, where each region corresponds to the 10,20 and 30. See the text for details about
the analysis. The results are compared with Daya Bay [37] and RENO [38] results shown by the dashed lines.

of ogux = 0.2%. The result of the analysis in the case
of the 3v scenario are compared to the RENO results in
Fig 5 (right.)

3. NEOS

The NEOS detector, like the RENO detectors, is lo-
cated at the Hanbit nuclear power plant. Specifically, it
is located at 23.7£0.3 m from the fifth reactor core. The
NEOS data analysis includes 180 days of data acquisi-
tion. Further details about the experiment can be found
in Refs. [41, 57].

The primary goal of NEOS is to search for sterile neu-
trinos. To achieve this, the experiment compares the
event distribution observed in NEOS with that measured
by the RENO near detector. We follow the methodology
described in Ref. [58] to estimate the NEOS sensitivity.
The chi-squared function used in the analysis is defined

as:
=Y (0" — Pi>Vij_.1 (Oj - Pj>,

.3

(A5)

where O is the ratio between the observed spectrum in
NEOS and the prediction from RENO, and P is the ratio
between the expected event distribution in NEOS under
the LED hypothesis and the distribution expected in the
standard 3v scenario. To estimate the expected number
of events in NEOS, we use the predicted event distribu-
tion from RENO, which includes the neutrino evolution
to the RENO near detector.

4. Stereo

The STEREO experiment measures the electron an-
tineutrino flux from the RHF (Réacteur & Haut Flux) nu-

clear reactor, located at the ILL research center in Greno-
ble, France [40]. The antineutrino spectrum is measured
using six identical detector cells positioned between 9.4 m
and 11.2 m from the reactor core. The primary goal of the
experiment is to search for sterile neutrinos with masses
around the eV scale.

The reactor, moderated by heavy water, operates at a
nominal thermal power of 58.3 MW, although in practice
the power is typically maintained between 50 MW and
56 MW. The detector uses a 1.6-ton gadolinium-loaded
liquid scintillator target to detect antineutrinos produced
via IBD.

To estimate the detector’s sensitivity to large extra
dimensions (LED), we follow the analysis performed in
the sterile neutrino search [59]. The x? function used is

defined as:
Neens NEbi 2 N, 2
5 cell Ebins Al7i o (ZSZMIJ N cells alESCaleU
X = E : o1 o.EscaleU
=1 i=1 i =1 !
aEscalcC 2 Neels O[%\IormU 2 A6
+ O-EscaleC + Z UNormU ? ( )
1=1 l

where the sum runs over all detector cells (I) and energy
bins (7). Here, A;; denotes the measured IBD rates, and
M ; represents the expected IBD rates, which depend on
both the oscillation parameters and the nuisance param-
eters @. The ¢; values are free normalization parameters
for each energy bin i.

EscaleC EscaleU

The parameters « and « account for the
correlated and uncorrelated energy scale uncertainties
of the detectors, respectively. The nuisance parameters
aNermU pepresent cell-to-cell uncorrelated normalization
uncertainties. The statistical uncertainties in Eq. A6 are
given by o, = 01,(¢;M;;), which depend on the pre-
dicted event rate.



5. KamLAND

KamLAND measured the electron antineutrino flux
from nuclear power plants across Japan between 2002
and 2012 [39]. Over 2,991 days of data collection, Kam-
LAND observed neutrinos with an average baseline of
approximately 180 km, divided into three distinct data-
taking periods. The detector consists of 1 kton (LS). The
primary goal of KamLAND was to probe long-baseline
neutrino oscillations, and to date, it has provided the
most precise determination of the mass-squared differ-
ence Am3,. As shown in several previous analysis [19],
KamLAND also constrains the high-mass region of the
LED parameter space.

In this analysis, we reproduce the number of events
observed by KamLAND (T') across the three data-taking
periods. Taking into account the distribution of reac-
tors throughout Japan and their contributions to the to-
tal flux, we estimate the 7, flux at the detector site in
the presence of LED effects. We also include the main
sources of background, which consist of: geoneutrinos
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produced by the decay of radioactive elements such as
uranium (U) and thorium (Th) in the Earth, neutrons
generated by the interaction of alpha particles from ra-
dioactive polonium (?'°Po) with carbon (*3C) via the
reaction *C(a,n)'%0, and accidental backgrounds. The
analysis follows a Poissonian log-likelihood defined as:

O,
. A _ Y
X = ;T(a’ mo)i — Oi + Oi log <T(a, mo)i)

(A7)

where O is the observed number of events in energy
bin i, and the sum runs over all energy bins and the
three data-taking periods. In this analysis, we assume
a 2% Gaussian uncertainty in the energy reconstruction.
The final term accounts for uncertainties in the back-
ground contributions. We consider a 5% uncertainty for
the accidental background and a 10% uncertainty for
the C(a, n)'%0 background, while the remaining back-
ground components are left unconstrained.
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