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Different extensions of the standard model of particle physics, such as braneworld or mirror matter
models, predict the existence of a neutron sterile state, possibly as a dark matter candidate. This Letter
reports a new experimental constraint on the probability p for neutron conversion into a hidden neutron,
set by the STEREO experiment at the high flux reactor of the Institut Laue-Langevin. The limit is
p < 3.1 x 107" at 95% C.L. improving the previous limit by a factor of 13. This result demonstrates that
short-baseline neutrino experiments can be used as competitive passing-through-walls neutron experiments

to search for hidden neutrons.

DOI: 10.1103/PhysRevLett.128.061801

For many decades, the existence of sterile or hidden
particles interacting only gravitationally or very weakly
with the known particles of the standard model (SM) has
been considered through many theoretical works [1-13].
They could result in dark matter candidates [1-3,7-13] or
could shed light on primordial cosmology [1,5-7,10-12].
Some of them can be sterile copies of particles of the
SM in our usual spacetime [1-7], allowing for instance for
mirror neutrons. Others can be particles from the SM—in
particular neutrons [13—16]—hidden in a parallel brane-
world located along an extra dimension in a bulk spacetime
[8—18]. In the following, hidden neutron will be used as a
generic term.

Such models predict that visible neutrons can convert
into hidden neutrons, and several experiments search for
neutron disappearance [19-25]. Hidden neutrons could
also convert into visible neutrons allowing for neutron
disappearance-reappearance experiments. In the last five
years, dedicated experiments [26—29] have been developed
in order to test those scenarios. In this Letter, we use the
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STEREO experiment [30] installed at the Institut Laue-
Langevin (ILL) in Grenoble (France) to derive a new
constraint on the neutron-hidden neutron swapping prob-
ability, demonstrating that short-baseline neutrino experi-
ments [30-34] are opportunistic but competitive passing-
through-walls neutron experiments. New upper bounds on
the coupling parameter between the hidden state and visible
state are also inferred.

The two-level Hamiltonian H describing the present
problem can be written as [1,28]

H:<Eb;r 8}()’ (1)
EX Eh

where E, and E, are the energies in vacuum of the visible
and hidden states, ¢ is the coupling parameter between both
states, and x is a unitary matrix whose exact expression
depends on detailed physics of the model but does not
change the phenomenology [1,13].

When neutrons travel through a medium, the production
rate of hidden neutrons is governed by both the
Hamiltonian H and the neutron-nuclei collision rate I’
which writes I' = vXg with v, the neutron velocity and Xg
the macroscopic cross section for neutron scattering in the
medium. The collisions act as quantum projection in visible
and hidden states, but the rate of quantum projection is I"/2.
The factor 1/2 comes from the fact that collisions project
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only the visible state. This picture is supported by the full
treatment of the density matrix evolution with a Lindblad
equation [4,27] from which the swapping probability p at
each projection can be derived:

2¢?
AE + V) +4e* + n’T?/4°

)

P

provided that p < 1 [27], and where AE = E, — E}, is the
degeneracy-lifting energy difference between visible and
hidden states. The Fermi potential V- of the visible neutron
in the medium is added to describe the neutron-medium
interaction [35]. For a free neutron, Eq. (2) matches with
the related time-averaged Rabi probability usually mea-
sured in earlier experiments [25].

At a macroscopic scale, the number of hidden neutrons
produced per unit volume and per unit time is obtained by
multiplying p by the volumic rate of projections in the
source [27]:

$1(0) = p o, (r), ()
where @, (r) is the visible neutron flux. A huge number of
neutron-nuclei scatterings enhances the swapping proba-
bility in contrast to a free motion in vacuum.
Then, hidden neutrons can freely escape the reactor. At a
position r,, the hidden neutron flux is [27]

1 Su(r)
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Similarly, the reverse effect allows neutron reappearance
in a detector located close to the reactor. By measuring
the neutron flux inside a detection volume shielded from
ambient neutrons [27], it is possible to infer the swapping
probability or to set an upper limit, provided that the
neutron flux @, in the reactor is known. The sensitivity
of such an experiment mainly relies on the volume of
material enhancing the conversion of hidden neutrons, on
the neutron detection efficiency, and particularly on the
ability to avoid as much as possible any background
sources. Considering reactor neutrino experiments, neu-
trino detection is based on the inverse beta decay reaction,
U+ p — n+ e", where a delayed-coincidence approach is
used with a positron followed by a neutron capture in a Gd
or Li loaded scintillator [30-34]. Since these experiments
are designed to maximize the neutron detection efficiency,
it is natural to explore their use as passing-through-walls
neutron experiments.

The STEREO experiment (see Fig. 1) was located at
10 m from the center of the ILL High Flux Reactor operated
with a 93% 23U enriched fuel and heavy water as
moderator. The core consists of a single compact fuel
element (80 cm high, 40 cm diameter) at the center of a
heavy-water tank (1.8 m high, 2.5 m diameter). The neutron

Light
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FIG. 1. The STEREO detector located at 10 m from the center
of the ILL reactor could detect hidden neutrons generated inside
the heavy-water tank and regenerated into visible neutrons within
the detector (see text for details).

flux map ®,(r) within the reactor has been evaluated
using convenient numerical computations with Monte
Carlo N-particle transport code MCNP [28]. At nominal
power (58.3 MWth), the neutron flux inside the moderator
ranges between 10'* and 1.5 x 10" cm™2 s~!. It is one of
the highest continuous fluxes worldwide thanks to the core
design and the low capture cross section of the heavy water
which makes the ILL reactor very well suited for hidden
neutron conversion. It is largely dominated by thermal
neutrons, except in the vicinity of the fuel cylinder, and
decreases very fast outside the heavy water tank. Given
these results, we can consider the elastic scattering of
thermal neutrons in heavy water, for which the macroscopic

cross section is Z]S)ZO = 0.49 cm™! [35], as the dominating
hidden neutron conversion mechanism. Neglecting higher
energy neutrons and neutron scattering in the light water
pool are conservative assumptions.

Since a simplified geometry was implemented in our
simulation, we consider a systematic uncertainty of 20%,
corresponding to the maximum observed discrepancy when
comparing with the neutron flux from a full geometry
simulation, available only in the median plane [28]. This
systematic uncertainty could be improved by running a
precise simulation but would not change our final result
which is limited by other uncertainties as shown below. All
other systematic uncertainties related to the hidden neutron
source, e.g., the time variations due to the fuel evolution,
are at the percent level or below [36].

The target of the STEREO detector [30] is a ~2 m?
acrylic aquarium divided in six identical cells filled with Gd
loaded liquid scintillator. It is surrounded by an outer crown
of 37 cm thickness, namely the gamma catcher, divided in
four cells and filled with liquid scintillator without Gd. The
gamma catcher ensures a better detection efficiency of the
gammas from positron annihilation and neutron capture
which can escape the target. For both volumes, the
scintillation light is read out from the top with a total of
48 photomultipliers. The gamma catcher vessel is posi-
tioned inside a shielding made of borated polyethylene,
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lead, and boron-loaded rubber (B4C) to mitigate gamma
and neutron backgrounds. On the top of the shielding, a
water Cerenkov detector is installed as muon veto.

In the standard neutrino selection [37], neutron capture
events are tagged requiring a reconstructed energy in the
whole detector between 4.5 and 10 MeV, the energy of the
Gd gamma cascade being 8 MeV. The lower bound was
chosen to also accept neutrons whose part of gammas
escape the detector or depose their energy in nonscintillat-
ing components. The request of a delayed coincidence
allows one to reject most of the gamma background,
important at these energies. In the case of the hidden
neutron search, we expect only single events. We restrict
the selection to the 7 to 10 MeV energy window in order to
maximize the signal to background ratio.

Even if STEREO profits from 15 mwe overburden from
the building and a water transfer channel of the reactor,
cosmic induced events constitute a significant part of the
neutron background. To reject them, we require no other
event in the detector nor in the muon veto in a time window
4400 pus around the neutron events. The time window size
has been optimized to maximize the signal to background
ratio. This anticoincidence selection generates a dead time
of about 50% during ON periods. The precision of the dead
time correction is at the percent level.

The regeneration of hidden neutrons in the detector can
happen either via elastic scatterings in the materials of the
detector, mainly the liquid scintillator, or directly via
captures on gadolinium. The former process is more
probable, it = 1.90 cm™' [38] compared with £3¢ =
0.33 cm™' [39] but it has a slightly lower detection
efficiency since regenerated thermal neutrons can escape
the target volume or be captured on hydrogen. We denote
€’ (ry), the probability of a thermal neutron regenerated at
the position r, to be detected in the cell i and €’ (r,), the
probability of a neutron capture at the position r, to have a
vertex reconstructed in the cell i.

The detection rate in the target cell i can be written as an
integral over the detector:

I = 4 €t (ry) +——¢€j(ry) |@,(ry)dry.  (5)
det 2 2

To simplify the computation, the integral is replaced by a
Riemann sum over the detector cells. The cell thickness,
37 cm, is small enough compared with the distance to the
core to assume a constant hidden neutron flux within
each cell.

Detection efficiencies have been computed using the
STEREO GEANT4 simulation code which has been vali-
dated at the percent level using gamma and neutron
calibrations [37]. Particularly, the use of the FIFRELIN code
significantly improved the Gd gamma cascade simulation
[40]. For €/ (r,), thermal neutrons have been generated in
the whole detector, including the shielding. Indeed, as

shown in Ref. [29], the shielding materials, and particularly
the lead, can enhance the hidden neutron sensitivity. In our
case, it appears that the lead is too far from the target; all
regenerated neutrons are captured in the boron-loaded
polyethylene. The neutron detection efficiency of a given
cell is significant only when the neutron is regenerated in
this cell (between 29.9% and 33.4% depending on the cell)
or in the adjacent cells (between 1.6% and 4.4%). To
compute € (r,), we selected the Gd captures from the same
simulation. As expected, the values are slightly higher
(between 32.1% and 35.8% for the vertex cell, between
3.6% and 4.5% for the adjacent cells). The relative
uncertainties on the efficiencies comprise between 1%
and 3%.

The STEREO experiment has been taking data between
2016 and 2020 [41]. The neutron background at the
STEREO location depends on the running conditions of
the neighboring experiments. A BF; counter located on top
of the muon veto monitored the neutron rate outside the
shielding. During ON periods, the measured rates range
between a few neutrons per second to a few hundred
neutrons per second and are strongly correlated with the
neutron rates in the target cells. Thus, we only consider
periods where the BF; counting rate, averaged per 1 h slot,
is below 5 neutrons per second, corresponding to the
quietest observed periods. The use of an external counter
to clean the data avoids biasing the analysis.

Fig. 2 shows the resulting neutron rates I" for each cell as
a function of time. The ON periods are clearly visible with
higher and fluctuating rates while the rates are almost
constant during OFF periods in between. Cells 1 and 6
present higher rates because they are less shielded than the
center cells. Two main conclusions can be drawn. Firstly,
the ON events cannot all correspond to hidden neutrons
because their rate should depend only on the reactor power
which is almost constant during operation. Secondly, we
can take advantage of OFF periods to measure the reactor-
operation-independent background and subtract it from ON
rates. To that end, we use a linear interpolation between
periods of three days before and after each ON cycle. In
addition to the statistical uncertainties of the OFF rates, we
have to consider a systematic uncertainty to cover a
variation of the background during the ON period. This
uncertainty can be estimated by testing the subtraction
procedure over the whole OFF dataset. The standard
deviation of the residuals after subtraction, which includes
both statistical and systematic uncertainties, is 2% of the
OFF rates. The three-day binning has been chosen to
minimize this uncertainty.

After the OFF subtraction, the rates were the lowest in
the beginning of September 2020, when we could benefit
from several days with the neighboring experiments not
running. For cell 1, the lowest measured ON-OFF rate is
[ONOFF — (53 £ 2.1) x 1073 s71. Other cells present sim-
ilar or higher ON-OFF rates but the hypothetical hidden
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FIG. 2. (left) Neutron rates I" for each STEREO cell as a function of time. OFF rates are averaged over three-day bins while one-day

bins are used for ON periods for which only quiet periods, per 1 h slot, are kept based on the external BF; counter monitoring the
ambient neutron background. In blue (right axis), the reactor power is also indicated. Right: enlargement of the most quiet period in 2020
for cell 1. The continuous and dashed lines correspond to the linear interpolation for the OFF subtraction and the associated uncertainty.
The width of the green and red bands is proportional to the effective time of each bin.

neutron rate decreases with solid angle. Thus, cell 1, which
is the closest cell to the reactor, will provide the best limit.
Considering that TNOFF jg still dominated by background
events, we derive an upper limit on p from Egs. (3)-(5),
taking into account the reactor power in the relevant period:

p<3.1x107"" (at95%C.L.).

(6)

We can also compute (see Table I) what would be the
limit by minimizing the value of each measured rate or
uncertainty independently (fourth column) or all together
except one (last column), keeping the same ON exposure
(cell 1 during one day, limited by the typical downtime
of neighboring experiments), but allowing longer OFF
exposure.

Table I shows that the main contribution is due to the
[ON-OFF value, i.e., the reactor induced background. The
OFF background, I'¥*F has also a non-negligible impact on
the limit. ON statistics only contribute for a very small
fraction. Using a larger ON dataset would not improve the
result; a one-day binning is sufficient. It is better to select a

TABLE I. Impact of each measured rate and uncertainty on the
limit keeping the same ON exposure (cell 1 during one day).

Limit if Limit if
Current 0, =Min Qj.; = Min
Quantity Q; value  Min value (107" (1071
[ONOFF (=1 53 x 1073 0 1.9 2.5
TOFF(s=1) 78.7 x 1073 0 2.7 1.9
ATOFF (571 1.6 x 1073 0 2.9 0.2
ATON(s™h) 1.4 %1073 23 x 1072 3 0.2
AD, /O, 20% 1% 3 0.2
Other 4.2% 1% 3.1 0.2
systematics

short period with the lowest reactor induced background.
As a consequence, this result is limited by the reactor
induced background and, in spite of the 15 mwe over-
burden, by the cosmic-ray induced background. In the case
of a background free experiment, the same exposure would
give a limit of 2 x 10712, If only the reactogenic back-
ground is null, the limit would be 1.9 x 1071 .

The limit [Eq. (6)] is 13 times better than the previous
one obtained with a dedicated experiment, MURMUR [29].
The main reasons for this improvement are the source
configuration and a hundred times lower count rate per
volume unit, thanks to a better shielding. Figure 3 shows
the corresponding exclusion contour in the (¢,AE) param-
eter space, obtained using Eq. (2), compared with the
contours of the MURMUR experiment [29], ultra cold
neutrons experiments [20-24], and a cold neutron experi-
ment at the Spallation Neutron Source (SNS) [26]. In
braneworld approaches, AE naturally merges with the
difference of gravitational potential energies felt by the
neutron in each brane [13,17]. Using recent data [42],
the expected value is around AE = 2 keV. It can also be
shown that the maximum expected value of the coupling
parameter is ¢ = 2.9 meV if the brane energy scale equals
the Planck energy [16,18]. With a new experimental upper
limit ¢(AE =2 keV) =7.9 meV, the STEREO experi-
ment gets close to the expected values.

The present work justifies the relevance for short-base-
line neutrino experiments to test neutron physics beyond
the SM in the quest for hidden sectors. This approach is
very competitive compared with dedicated experiments
[29] or with other kinds of experiments related to mirror
matter [19-24,26]. The three parameters to be optimized
are the hidden neutron flux (i.e., the neutron flux within the
reactor, its spatial extension, and the material content since
the key parameter is the total number of neutron scatterings
per second), the distance between the core and the detector,
and last but not least, the level of background. For the first
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FIG. 3. Exclusion contour from STEREO (blue), MURMUR
(green), ultra cold neutrons experiments (magenta), and cold
neutron experiment at SNS (black). The dark (light) green and
blue contours correspond to the AE > 0 (AE < 0) case. The two
most sensitive points—AFE = 11 neV and 167 neV—result from
the Fermi potentials of the scintillator and D, O, respectively. The
expected region corresponding to the two-brane universe model
is also plotted (red). The ratio 2(¢/AE)? corresponds to the
Eq. (2) limit for high values of AE.

two, the ILL site turns out to be quite optimal. The large
ratio of scattering to absorption cross sections in heavy
water significantly increases the mean number of collisions
per neutron before its capture (2 orders of magnitude
difference between heavy water and water). However,
the level of background could be further improved either
with a better shielding against reactogenic and cosmogenic
backgrounds or using a site with less background. A
detector with a better neutron discrimination, as, e.g.,
PROSPECT [31] and SoLiD [34] detectors with Li-loaded
scintillators, could also help to improve the result.

This work received funding from the French National
Research Agency (ANR) within Project No. ANR-13-
BS05-0007. The authors are grateful for the technical
and administrative support of the ILL for the installation
and operation of the STEREO detector. We further
acknowledge the support of the CEA, the CNRS/IN2P3,
and the Max Planck Society.

“Present address: Donostia International Physics Center,
Paseo Manuel Lardizabal, 4, 20018 Donostia-San
Sebastian, Spain

"Present address: Ecole Polytechnique, CNRS/IN2P3,
Laboratoire Leprince-Ringuet, 91128 Palaiseau, France
*Present address: LPNHE, Sorbonne Université, Université
de Paris, CNRS/IN2P3, 75005 Paris, France

SPresent address: Hassan II University, Faculty of Sciences,
Ain Chock, BP 5366 Maarif, Casablanca 20100, Morocco

ljacob.lamblin @1psc.in2p3.fr
Present address: Institut de Physique Nucléaire de Lyon,
CNRS/IN2P3, Univ. Lyon, Universit¢é Lyon 1, 69622
Villeurbanne, France
““michael.sarrazin @ac-besancon. fr
“Present address: University of California, Department
of Physics, Berkeley, California 94720-7300, USA
and Lawrence Berkeley National Laboratory, Berkeley,
California 94720-8153, USA
[1] L. B. Okun, Phys. Usp. 50, 380 (2007).
[2] Z. Berezhiani, F. Nesti, L. Pilo, and N. Rossi, J. High
Energy Phys. 07 (2009) 083.
[3] Z. Berezhiani, L. Pilo, and N. Rossi, Eur. Phys. J. C 70, 305
(2010).
[4] S. V. Demidov, D. S. Gorbunov, and A. A. Tokareva, Phys.
Rev. D 85, 015022 (2012).
[5] A. Coc, J.-P. Uzan, and E. Vangioni, Phys. Rev. D 87,
123530 (2013).
[6] A. Coc, M. Pospelov, J.-P. Uzan, and E. Vangioni, Phys.
Rev. D 90, 085018 (2014).
[71 W. Tan, Phys. Lett. B 797, 134921 (2019).
[8] P. Horava and E. Witten, Nucl. Phys. B460, 506 (1996).
[9] N. Arkani-Hamed, S. Dimopoulos, N. Kaloper, and G.
Dvali, J. High Energy Phys. 12 (2000) 010.
[10] D.J.H. Chung and K. Freese, Phys. Rev. D 62, 063513
(2000).
[11] P. Brax, C. van de Bruck, and A.-C. Davis, Rep. Prog. Phys.
67, 2183 (2004).
[12] D. Battefeld and P. Peter, Phys. Rep. 571, 1 (2015).
[13] M. Sarrazin and F. Petit, Eur. Phys. J. C 72, 2230
(2012).
[14] F. Petit and M. Sarrazin, Phys. Lett. B 612, 105 (2005).
[15] M. Sarrazin and F. Petit, Phys. Rev. D 81, 035014 (2010).
[16] C. Stasser and M. Sarrazin, Int. J. Mod. Phys. A 34,
1950029 (2019).
[17] M. Sarrazin and C. Stasser, Int. J. Mod. Phys. A 35,
2050032 (2020).
[18] C. Stasser and M. Sarrazin, Int. J. Mod. Phys. A 35,
2050202 (2020).
[19] Z. Berezhiani and L. Bento, Phys. Rev. Lett. 96, 081801
(2006).
[20] I. Altarev et al., Phys. Rev. D 80, 032003 (2009).
[21] Z. Berezhiani et al., Eur. Phys. J. C 78, 717 (2018).
[22] G. Ban et al., Phys. Rev. Lett. 99, 161603 (2007).
[23] A.P. Serebrov et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 611, 137 (2009).
[24] C. Abel et al., Phys. Lett. B 812, 135993 (2021).
[25] M. Sarrazin, G. Pignol, F. Petit, and V. V. Nesvizhevsky,
Phys. Lett. B 712, 213 (2012).
[26] L.J. Broussard et al., arXiv:2111.05543.
[27] M. Sarrazin, G. Pignol, J. Lamblin, F. Petit, G. Terwagne,
and V. V. Nesvizhevsky, Phys. Rev. D 91, 075013 (2015).
[28] M. Sarrazin et al., Phys. Lett. B 758, 14 (2016).
[29] C. Stasser et al., Eur. Phys. J. C 81, 17 (2021).
[30] N. Allemandou et al. (STEREO Collaboration), J. Instrum.
13, P07009 (2018).
[31] J. Ashenfelter et al. (PROSPECT Collaboration), Phys. Rev.
Lett. 121, 251802 (2018).
[32] A.P. Serebrov et al. (NEUTRINO-4 Collaboration), Phys.
Part. Nucl. 49, 701 (2018).

061801-5


https://doi.org/10.1070/PU2007v050n04ABEH006227
https://doi.org/10.1088/1126-6708/2009/07/083
https://doi.org/10.1088/1126-6708/2009/07/083
https://doi.org/10.1140/epjc/s10052-010-1457-5
https://doi.org/10.1140/epjc/s10052-010-1457-5
https://doi.org/10.1103/PhysRevD.85.015022
https://doi.org/10.1103/PhysRevD.85.015022
https://doi.org/10.1103/PhysRevD.87.123530
https://doi.org/10.1103/PhysRevD.87.123530
https://doi.org/10.1103/PhysRevD.90.085018
https://doi.org/10.1103/PhysRevD.90.085018
https://doi.org/10.1016/j.physletb.2019.134921
https://doi.org/10.1016/0550-3213(95)00621-4
https://doi.org/10.1088/1126-6708/2000/12/010
https://doi.org/10.1103/PhysRevD.62.063513
https://doi.org/10.1103/PhysRevD.62.063513
https://doi.org/10.1088/0034-4885/67/12/R02
https://doi.org/10.1088/0034-4885/67/12/R02
https://doi.org/10.1016/j.physrep.2014.12.004
https://doi.org/10.1140/epjc/s10052-012-2230-8
https://doi.org/10.1140/epjc/s10052-012-2230-8
https://doi.org/10.1016/j.physletb.2005.03.016
https://doi.org/10.1103/PhysRevD.81.035014
https://doi.org/10.1142/S0217751X19500295
https://doi.org/10.1142/S0217751X19500295
https://doi.org/10.1142/S0217751X20500323
https://doi.org/10.1142/S0217751X20500323
https://doi.org/10.1142/S0217751X20502024
https://doi.org/10.1142/S0217751X20502024
https://doi.org/10.1103/PhysRevLett.96.081801
https://doi.org/10.1103/PhysRevLett.96.081801
https://doi.org/10.1103/PhysRevD.80.032003
https://doi.org/10.1140/epjc/s10052-018-6189-y
https://doi.org/10.1103/PhysRevLett.99.161603
https://doi.org/10.1016/j.nima.2009.07.041
https://doi.org/10.1016/j.nima.2009.07.041
https://doi.org/10.1016/j.physletb.2020.135993
https://doi.org/10.1016/j.physletb.2012.04.069
https://arXiv.org/abs/2111.05543
https://doi.org/10.1103/PhysRevD.91.075013
https://doi.org/10.1016/j.physletb.2016.04.045
https://doi.org/10.1140/epjc/s10052-021-08829-y
https://doi.org/10.1088/1748-0221/13/07/P07009
https://doi.org/10.1088/1748-0221/13/07/P07009
https://doi.org/10.1103/PhysRevLett.121.251802
https://doi.org/10.1103/PhysRevLett.121.251802
https://doi.org/10.1134/S1063779618040482
https://doi.org/10.1134/S1063779618040482

PHYSICAL REVIEW LETTERS 128, 061801 (2022)

[33] I. Alekseev et al., Phys. Lett. B 787, 56 (2018).

[34] Y. Abreu et al. (SOLID Collaboration), J. Instrum. 13,
P05005 (2018).

[35] A.-J. Dianoux and G. Lander, Neutron Data Booklet (OCP
Science, Philadelphia, 2003).

[36] H. Almazan et al. (STEREO Collaboration), Phys. Rev.
Lett. 125, 201801 (2020).

[37] H. Almazan et al. (STEREO Collaboration), Phys. Rev. D
102, 052002 (2020).

[38] Computed using MCNP.

[39] Computed from the Gd fraction and abundances in the
scintillator.

[40] H. Almazan et al. (STEREO Collaboration), Eur. Phys. J. A
55, 183 (2019).

[41] D. Lhuillier et al. (STEREO Collaboration), DOI from
10.5291/ILL-DATA.ST-6 to 10.5291/ILL-DATA.ST-17.

[42] N. Aghanim et al. (Planck Collaboration), Astron.
Astrophys. 641, A6 (2020).

061801-6


https://doi.org/10.1016/j.physletb.2018.10.038
https://doi.org/10.1088/1748-0221/13/05/P05005
https://doi.org/10.1088/1748-0221/13/05/P05005
https://doi.org/10.1103/PhysRevLett.125.201801
https://doi.org/10.1103/PhysRevLett.125.201801
https://doi.org/10.1103/PhysRevD.102.052002
https://doi.org/10.1103/PhysRevD.102.052002
https://doi.org/10.1140/epja/i2019-12886-y
https://doi.org/10.1140/epja/i2019-12886-y
https://doi.org/10.5291/ILL-DATA.ST-6
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910

