PHYSICAL REVIEW D 105, L111101 (2022)

Search for sterile neutrino oscillations using RENO and NEOS data
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We present a nearly reactor model independent search for sterile neutrino oscillation using 2 509 days of
RENO near detector data and 180 days of NEOS data. The reactor related systematic uncertainties are
significantly suppressed as both detectors are located at the same reactor complex of Hanbit Nuclear Power
Plant. The search is performed by electron antineutrino (7,) disappearance between six reactors and two
detectors with flux-weighted baselines of 419 m (RENO) and 24 m (NEOS). A spectral comparison of
the NEOS prompt-energy spectrum with a no-oscillation prediction from the RENO measurement
can explore reactor 7, oscillations to sterile neutrino. Based on the comparison, we obtain a 95% C.L.
excluded region of 0.1 < |Am2,| < 7 eV2. We also obtain a 68% C.L. allowed region with the best fit of
|Am?2,| = 2.41 eV? and sin®20;, = 0.08 having a p-value of 8.2%. Comparisons of obtained reactor
antineutrino spectra at reactor sources are made among RENO, NEOS, and Daya Bay to find a possible

spectral variation.

DOI: 10.1103/PhysRevD.105.L111101

Precision measurements of the smallest neutrino mixing
angle 63 have established the three flavor neutrino (3v)
oscillation framework [1-3]. However, there exist several
experimental anomalies that suggest the 3v-model may not
be sufficient [4-7]. The existence of additional inactive
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flavor neutrinos, so-called sterile neutrinos, is often intro-
duced to explain these anomalies.

The RENO and Daya Bay collaborations recently made
reactor model independent searches for sterile neutrino by
comparing the observed prompt spectra of near and far
detectors and obtained excluded regions of sub-eV sterile
neutrino oscillations [8,9]. The NEOS collaboration
reported a result of sterile neutrino search [10] using the
Daya Bay’s 7, spectrum at the reactor [11]. The reference
v, spectrum used by NEOS was obtained by including
reactor related uncertainties and assuming no sterile
neutrino oscillation between reactor and detector. These
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uncertainties and assumption are not needed if a RENO’s
D, spectrum is used for the comparison. By utilizing full
response functions of both detectors, a robust statistical
analysis is possible to obtain an exclusion limit and a
p-value. A spectral comparison of the NEOS (RENO)
prompt spectrum with the 3v best-fit prediction [12] from
the RENO (NEOS) measurement can explore sterile
neutrino oscillations by reactor o, disappearance.

This Letter presents a nearly reactor model independent
search for sterile neutrino oscillation using 2509 days and
180 days of data taken in the RENO near detector and the
NEOS detector, respectively. Both detectors are located at
the Hanbit Nuclear Power Plant, Korea. The reactor
complex hosts six pressurized water reactors. The maxi-
mum thermal output of each reactor is 2.8 GWy,. The
RENO near detector is located at 294 m from the center of
the reactor array, and the flux-weighted baseline is 419 m.
The NEOS detector is placed in the tendon gallery of the
fifth reactor. The distance between the NEOS detector and
the reactor core is 23.7 + 0.3 m. Both detectors employ
gadolinium loaded liquid scintillator to observe the inverse
beta decay (IBD) interactions of reactor 7,. Their 7, target
volumes are 16.5 tons for RENO and 0.87 tons for NEOS.
Details of RENO and NEOS experiments can be found in
Refs. [10,13,14].

The combined analysis of RENO and NEOS data
removes a large part of the reactor related uncertainties.
Furthermore, a sterile neutrino hypothesis can be tested
using the observed spectrum at each baseline, without
knowing the 7, nonoscillation spectrum at reactor. The
survival probability of reactor 7, in the (3 + 1) v-oscillation
hypothesis is given as [12],

Am?L
PDL,—n‘/L, =1 _4Z|Uei|2|Uej|2 sin? (4—g>

i>j

~ 1 —sin® 20,4 sin® A4y —sin® 20,3 sin> Ay, (1)

where |U,;| and |U,;| are the elements of the neutrino
mixing matrix, L is the baseline between reactor and
detector, E is 7, energy, A; = Amj,L/4E, and Amy; is
the mass splitting between the i-th and j-th mass eigen-
states. The exact expression of the survival probability is
used for this analysis. A measured sterile neutrino oscil-
lation probability determines the mixing angle of 8,4 and
the mass squared difference of Am?,. In the region of
Amj, ~ 1 eV?, a shorter baseline makes a larger oscillation
effect as the reactor 7, energy is a few MeV. In the region of
larger Am3, (23 eV?), the oscillation effect is averaged out
within the volumes of reactor core and detector due to a
rapid oscillation and thus hard to be measured by the NEOS
detector.

To find a possible modulation in energy coming from a
sterile neutrino oscillation, the prompt-energy spectrum
observed in the NEOS detector is compared with the 3v

best-fit prediction at NEOS, obtained from the measure-
ment in the RENO near detector. The spectral comparison
is also performed between the prompt spectrum observed in
the RENO detector and the 3v best-fit prediction obtained
from the NEOS measurement. The RENO collaboration
has reported an unfolded reactor 7, spectrum [15]. The
RENO expected prompt spectrum at NEOS is obtained
using the NEOS detector response function applied to the
3v best-fit prediction from the extracted o, spectrum of
RENO. On the other hand, a 7, spectrum is also extracted
by unfolding the NEOS observed prompt spectrum and is
reported here for the first time. The NEOS expected prompt
spectrum at RENO is obtained by applying the RENO
detector response function [15] to the 3v best-fit prediction
from the extracted r, spectrum of NEOS.

The detector response effects in the prompt spectra are
removed by an unfolding method of Iterative Bayesian
Unfolding (IBU) [16] which updates an initial prior
spectrum by a feedback process. A number of iterations
regulate weighting for an initial prior spectrum and an
observed spectrum. The weighting balance is determined
by the L-curve criterion [17]. The fourth (fifth) iteration
finds the best solution for the RENO (NEOS) data. A
bias in the unfolded spectrum is introduced by uncertain-
ties of the prompt spectrum and the unfolding algorithm.
The unfolding accuracy is degraded by imperfect under-
standing of the detector response and a finite detector
resolution. The energy-bin correlated uncertainties are
included through a covariance matrix. The largest con-
tribution to the matrix elements comes from the energy
scale uncertainty in the RENO detector and the statistical
fluctuation in case of NEOS. Details of the unfolding
process for the RENO spectrum can be found in Ref. [15].
The NEOS unfolded 7, spectrum is obtained in a sim-
ilar way.

Figure 1 shows the extracted RENO and NEOS 7,
spectra with detector effects unfolded. The total uncertainty
in the figure includes statistical and systematic uncertain-
ties. However, the uncertainties of detection efficiencies are
irrelevant to the shape of the spectrum and not included in
the oscillation analysis. Table I lists the fractional uncer-
tainties of RENO and NEOS 7, spectra in the energy range
between 1.8 and 8.0 MeV. The various uncertainty sources
are shown as a function of 7, energy in Fig. 2.

The extracted v, spectra are corrected for different fuel
isotope fractions between RENO and NEOS, caused by
their mismatched data-taking periods and their different
detector locations with respect to reactors. The correction is
made using the Huber and Mueller (HM) predicted spectra
[18,19]. The average fission fractions of U, 238U, 2¥Pu,
and **'Pu are 0.571 (0.655), 0.073 (0.072), 0.300 (0.235),
and 0.056 (0.038), respectively, for RENO (NEOS). The
expected prompt spectra at RENO and NEOS are obtained
from the 3v best-fit predicted 7, spectra from the NEOS
and RENO measurements, respectively, using their detector
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FIG. 1. Reactor antineutrino spectra obtained from the mea-
sured IBD prompt spectra of RENO and NEOS after unfolding
their detector effects. The error bars are obtained as square root of
the diagonal elements of the corresponding covariance matrices.
Each spectrum is normalized by the total integral of the spectrum.

response functions. Figure 3 shows comparisons of prompt
spectra at RENO and NEOS. The upper panel of Fig. 3
shows the NEOS observed prompt spectrum divided by the
RENO prediction at NEOS, and the lower panel shows the
NEOS prediction at RENO divided by the RENO observed
prompt spectrum. The areas of two spectra are normalized
for spectral shape comparison. The uncertainties of fuel
isotope rates are correlated between RENO and NEOS.
Other uncertainties are assumed to be fully uncorrelated
between the RENO and NEOS spectra in the spectral
comparisons.

A method of Ay? is chosen by this search for the sterile
neutrino oscillation. A y? function of the spectral com-
parison at the NEOS detector is constructed as,

TABLE I. Fractional uncertainties in the RENO and NEOS 7,
spectra between 1.8 and 8.0 MeV. The errors are average values in
energy.

Error component RENO (%) NEOS (%)
Energy scale 1.6 0.9
Statistical 0.6 1.4
Unfolding 0.7 1.0
Background 0.3 0.4
Total 1.9 2.1
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FIG. 2. Fractional uncertainties of unfolded RENO and NEOS
U, spectra.
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FIG. 3. Comparison of prompt-energy spectra at NEOS and

RENO. Upper: Ratio of the NEOS observed prompt spectrum
relative to the 3v best-fit prediction at NEOS from the RENO
measurement. The error bars represent the statistical uncertainty
only. The error bands represent the systematic and prediction
uncertainties. The areas of two spectra are normalized for a shape
comparison. The gray band indicates the systematic uncertainty.
Lower: Ratio of the NEOS 3v best-fit prediction at RENO relative
to the RENO observed prompt spectrum. The red and magenta
curves represent the best fits to the data. The blue curves represent
spectral ratios expected with one of sterile neutrino oscillation
parameters that are excluded by this analysis.
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where N§ and N are the numbers of observed events in the
i-th 7, energy bin at RENO and NEOS, respectively, Mk
and MJ are the numbers of events expected from a sterile
neutrino oscillation, « is a scale factor for the shape
comparison, and V; is a covariance matrix element for a
total spectral error of RENO and NEOS in the i-th and j-th
v, energy cell. The matrix element is given by,

. M ML\
V.=V +a2< R) - <—R>V”, 3
i = VR ) )" 3)

where V{{ and Vf{,' are covariance matrix elements of
RENO and NEOS, respectively. The value of )(%D /NDF
for 3v oscillation parameters is 56.6/59 where NDF is the
number of degrees of freedom. The minimum ;(iyymin /NDF
value for the sterile neutrino oscillation is 48.2/57.
The 3v oscillation parameters in Ref. [12], sin?63 =
(220£0.07) x 1072 and Am? = (2.4540.03) x 1073 eV?
assuming the normal ordering, are used in the fit. The best
fit shown in Fig. 3 is found at |Am?2,| = 2.41 eV? and
sin® 20,4, = 0.08. The spectral ratio of data appears to be
consistent with the best-fit expectation including the energy
modulation. The value of Ay* = 3, — x3, i is 8.4 and the
p-value of inconsistency with the 3v-model is estimated to
be 8.2% by generating a large number of pseudoexperiment
sets. This breaks down Wilks’s theorem [20-22], which
assumes that the Ay? follows the y? distribution. The
obtained Ay? and p-value correspond to four effective
degrees of freedom. Note that the Ay? and p-value obtained
in Ref. [10] are 6.5 and 22%, respectively.

For a direct comparison of this result with the previous
NEOS result [10], a method of raster scan [23] is used to
obtain an excluded region of sterile neutrino oscillation
parameters. For each set of sin? 260, and |Am3,|, Ay? =
x> = x%,, is calculated where 2. is the minimum 2. In the
raster scan, y2. is determined by varying the sin” 260, for
an every value of |Am3,|, unlike the 2-D scan. The
parameter sets of sin?260;4 and |Am3,| are excluded at
90% confidence level (C.L.) if Ay? is greater than 2.71
[23]. Figure 4 shows exclusion contours obtained from the
RENO and NEOS data. It also shows a 95% C.L. allowed
region of reactor antineutrino anomaly (RAA) [24]. The
excluded region is enlarged from the previous NEOS result
[10]. This improvement is given by the spectral comparison
based on the RENO 7, spectrum at the same reactor
complex. The reduced systematic uncertainty using the
RENO’s 7, spectrum with a smaller uncertainty than that of
Daya bay allows an additional region of sin’>#,, to be
excluded in this analysis. The extended sensitivity in the
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FIG. 4. Comparison of the exclusion limits on sterile neutrino
oscillations and an allowed region. The right side of each contour
indicates an excluded region. The black curve (cyan filled region)
represents a 95% (68%) C.L. exclusion contour (allowed region)
obtained from the RENO and NEOS combined search using the
Feldman and Cousins method (FC) [25]. The orange (blue) curve
represents a 90% C.L. exclusion contour obtained from the
RENO and NEOS combined search using the raster scan (RS)
method where the spectral comparison is made at NEOS (RENO)
detector. The best-fit parameter (red point) is found at [Am3,| =
2.41 eV? and sin?26,, = 0.08. The second best-fit is found at
|Am3,| = 1.75 eV? and sin®26,, = 0.05. For the comparison,
shown are the NEOS + Daya Bay [10] 90% C.L. (gray shaded)
and RENO far/near [8] 95% C.L. (blue dotted) limits on the
disappearance. Also shown is a 95% C.L. allowed region of RAA
[24] (black dotted) with the best fit [26] (star) at |Ami1 | =
2.4 eV? and sin®26,, = 0.14. Note that part of the best-fit area is
excluded by STEREO and PROSPECT within 95% C.L. [27,28].

|Am3,| < 0.5 eV? region comes from the longer baseline
of the RENO near detector than NEOS. Note that the
previous NEOS result [10] was based on the Daya Bay’s 7,
spectrum expected at reactor by assuming no sterile
neutrino oscillation between reactor and detector [11].

To properly treat the confidence interval in the exclusion
contour the Feldman and Cousins (FC) method [25] is
applied in the analysis as well. The FC method rules out
additional regions in the sterile neutrino parameter space
with 95% C.L. because of finding excluded parameters
relative to the global best-fit in a two-dimensional space
[23,25]. This improvement is equivalent to roughly 15
times NEOS statistics compared to the previous application
of the raster scan method.

A search is repeated with the spectral comparison at
RENO. The ratio between the RENO observed prompt
spectrum and the NEOS prediction at RENO, as shown in
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the lower panel of Fig. 3, obtains a similar exclusion
contour. The best fit is found at |Am3,| = 2.36 eV? and
sin® 20,4, = 0.06, consistent with those of comparison at
NEOS. The value of Ay? is 4.1 where the values of the best-
fit y>/NDF are 32.7/57 and 36.9/59, respectively, for the
sterile neutrino oscillation and null hypotheses. The com-
parison at RENO provides a more sensitive search in the
sub-eV region due to its longer baseline.

As the spectral ratio of RENO and NEOS data appears to
be consistent with the best-fit prediction within their uncer-
tainties in Fig. 3, allowed parameter regions at 68% C.L. are
obtained using the FC method, consistent with the allowed
region of RAA by Ref. [24]. The best fit is found at |Am7,| =
2.41 eV? and sin®26,, = 0.08, whereas that of RAA at
|Am3,| = 2.4 eV? and sin?20,, = 0.14 [26]. They are
consistent with each other at 1.9¢, obtained by a
Monte Carlo simulation assuming a true signal. An improved
measurement of reactor 7, flux and energy spectrum with a
substantially reduced systematic uncertainty is essential to
obtain a conclusive result on the sterile neutrino oscillation.

The extracted v, spectra of RENO, NEOS, and Daya Bay
[11,29] are converted to the 3v nonoscillating spectra at
reactor using global best-fit parameters [12]. Figure 5 shows
their spectral shape comparisons with respect to the HM
model and comparisons among them, exhibiting interesting
similarities and discrepancies among each other. Note that
Daya Bay collaboration recently updated their 7, spectrum
[29]. The four spectra in general show agreement within their
systematic uncertainties. A y> test of an identical spectral
hypothesis between any two of these spectra gives 45.8, 36.2,
32.1, and 32.6 for NEOS/RENO, NEOS/Daya Bay 2021,
Daya Bay 2021/RENO, and Daya Bay 2017/RENO, respec-
tively, with 57 degrees of freedom. An arbitrary normaliza-
tion is made with a free parameter. A slope, probably due to
their energy scale difference, is seen in the spectral com-
parison between Daya Bay 2017 and RENO, but Daya Bay
2021 does not show such a shift any more. The reactor related
uncertainty is 0.04% in the spectral comparison between
RENO and NEOS, while it is 0.3% between Daya Bay and
one of the other two. The minimal spectral discrepancy is
observed between RENO and Daya Bay. NEOS shows a
weak spectral modulation analogous to the expectations from
the (3 + 1) v-oscillation within the systematic uncertainty in
Fig. 3. Because of the minimal difference between RENO
and Daya Bay, the apparent modulation possibly comes from
the NEOS obtained 7, spectrum as a result of an unknown
uncertainty in the measurement, a substructure of the reactor
v,, or active-to-sterile neutrino oscillations. Significant
improvement of systematic uncertainties and an energy
resolution is required for complete understanding of the
observed differences in the U, spectra.

In summary, we report a nearly reactor model indepen-
dent search for sterile neutrinos using data from the RENO
near detector and the NEOS detector. As the RENO and
the NEOS detectors share the same reactor complex, this
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FIG. 5. (Upper) Comparisons of 7, spectral shapes of RENO,

NEOS, and Daya Bay [29] relative to the HM model. The
extracted U, spectra are extrapolated to the production point at the
reactor using the 3v oscillation model and the parameter values in
Ref. [12]. The differences of fission fractions are corrected. Each
spectrum is normalized by the area between 1.8—8 MeV. (Lower)
Comparisons of 7, spectral shapes with an arbitrary normaliza-
tion. The Daya Bay spectrum reported in 2017 [11] is recently
updated [29].

analysis removes the 7, source dependency in the previous
NEOS sterile neutrino search [10]. This analysis uses IBD
spectra measured at RENO and NEOS detector locations
without knowing a nonoscillation spectrum at reactor.
Based on the spectral comparison of the NEOS prompt-
energy spectrum with a prediction from the RENO meas-
urement, we obtain a 95% C.L. excluded region of 0.1 <
|Am2,| <7 eV2. We also obtain an allowed region with
the best fit of |Amj,| =2.41 eV? and sin®26,, = 0.08.
Comparisons of obtained reactor antineutrino spectra at
reactor sources are made among RENO, NEOS, and Daya
Bay and show an interesting spectral variation within their
systematic uncertainties. The reactor model independent
reactor neutrino spectra in this report will be useful
studying reactor neutrino physics and particle physics
beyond the Standard Model. The prompt and neutrino
spectra of NEOS data, including error matrices, are
provided as a supplemental material [30] of this paper.
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