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Abstract: SoLid is a neutrino experiment at very-short baseline searching for active-to-sterile
oscillations of reactor antineutrinos. The detection principle is based on the pairing of two types
of solid scintillators: polyvinyl toluene and 6Li:ZnS(Ag), which is a new technology used in this
field of Physics. In addition to good neutron-gamma discrimination, this setup allows the detector
to be highly segmented; the basic detection unit is a 5 cm cube. High segmentation provides
numerous advantages including precise localisation of the Inverse Beta Decay (IBD) products, the
derivation of an antineutrino energy estimator based on the isolated positron energy, and a powerful
background reduction tool that relies on the topological signature of the signal. Finally, the system
is read out by a network of wavelength-shifting (WLS) fibres coupled to photosensors. A relative
electromagnetic calibration is performed with horizontal cosmic muons. This source poses the
simplest calibration problem in which a single detection unit is involved. In addition, large muon
energy deposits allow us to perform a calibration at the most detailed level (i.e. per fibre) and
to accurately define the fraction of energy escaping to neighbouring detection cells. A statistical
precision at the sub-percent level is reached. The paper also discusses two methods to calibrate
the absolute energy scale. The first method relies on horizontal muons, though the precision is
limited to around 10% because of the uncertainty in the energy distribution of such muons. A novel,
alternative method based on the radioactive americium-beryllium (AmBe) source is proposed. It
takes advantage of the electron-positron pair-production process and provides a calibration point at
3.4 MeV (i.e. in the core of the IBD positron spectrum). The paper is concluded with various cross-
check including a determination of the energy spectrum of the standard cosmogenic background
candle: 12B.
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1 Introduction

The SoLid experiment is located in the vicinity of the BR2 research reactor at the SCK CEN site
in Mol, Belgium. The experiment aims to make a precise measurement of the reactor antineutrino
flux at a very short baseline (6.3 - 8.9 m) to search for oscillations of neutrinos to a sterile state.
The second goal is to study the 235U energy spectrum with regards to the “5 MeV bump” [1]. The
first measurement provides information on the so-called reactor anomaly RAA [2] and the Gallium
anomaly [3]. In particular, it is possible to constrain the 3+1 model [4], which assumes the existence
of an additional light sterile neutrino state. The SoLid experiment was designed to probe the best-fit
region of the oscillation parameters with sin(2𝜃𝑠) ≈ 0.1 and Δm2

𝑠 ≈ 1 eV2. The description of the
design of the SoLid detector is beyond the scope of this article. The interested reader can consult
the detailed discussion reported in [5]. The following paragraph contains the executive summary
required for the description of the calibration procedure.

The basic detection unit of the detector is a 5 cm side polyvinyl toluene (PVT) cube. PVT
is a cheap plastic scintillator with a linear response over a wide range of energy. Each cube
has two neutron detection screens (microcomposite 6LiF:ZnS(Ag)) placed on adjacent faces. The
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detection units are combined into planes of 16×16 units each. Each cube is individually wrapped
in Tyvek to prevent scintillation light from escaping. Furthermore, each plane is surrounded by two
square Tyvek sheets, which optically decouple the planes by further preventing the passage of light
between them. The latter is a very important feature for both calibration and reconstruction, since
it simplifies the problem from 3D to 2D. Ten planes make up a module, and the detector comprises
five modules in total. The scintillation light from the PVT cube is collected by two vertical and
two horizontal WLS fibres that pass through each detection cell. One side of each WLS fibre is
covered with a Mylar foil that acts as a mirror to reflect the incoming light. The second side is
coupled with multi-pixel photon counters (MPPCs) that read out the light. The digitised version
of the readout is the initial input received from the detector. Figure 1 shows the schematic view of
the SoLid detection unit and the detection plane. The origin of the coordinate system corresponds
to the position of the reactor core. The 𝑥 − 𝑦 coordinates are defined by the orientation of the
detector planes, with 𝑥 being the horizontal direction and 𝑦 the vertical, respectively. The 𝑧 axis is
perpendicular to the detector planes.

Figure 1. A sketch of the SoLid basic detection unit (left) and detector plane (right).

The SoLid detector uses the inverse beta decay (IBD) process (�̄�𝑒 + 𝑝 → 𝑛 + 𝑒+) to detect
antineutrinos. The necessary simultaneous detection of the neutron and positron signals justifies the
use of two scintillators: neutron detection screens featuring 6LiF:ZnS(Ag) and PVT. On average,
the IBD neutron receives a kinetic energy of 50 keV, which is much larger than the thermal neutron
energy (25 meV). Thus, the neutron is first thermalised via elastic collisions with the nuclei in
the PVT. After thermalisation, it is captured on the 6Li, which has a very large thermal neutron
cross section of 936 b (compared to 0.3 b for hydrogen and 0.5 mb for carbon). The atom breaks
into tritium and 𝛼 particles, generating scintillation photons in the ZnS(Ag) crystals present in the
detection screens. The PVT acts not only as a neutron moderator but also as a proton-enriched target
for the antineutrino. Both positron and annihilation gamma produce scintillation light in the PVT.
This light is subsequently captured by WLS fibres and read out by MPPCs. The high granularity
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of the detector allows the ionisation and annihilation gamma contributions from the positron to be
distinguished. Hence, the antineutrino energy is defined from the IBD process as follows:

𝐸 �̄� + 𝑚𝑝 = 𝐸𝑒+ + 𝑚𝑒+ + 𝐸𝑛 + 𝑚𝑛

𝐸 �̄� = 𝐸𝑒+ + 𝑚𝑒+ + 𝑚𝑛 − 𝑚𝑝 = 𝐸𝑒+ + 1.806 MeV ,
(1.1)

where 𝑚𝑝 and 𝑚𝑛 denote the masses of the scattered proton and the outgoing neutron, respectively,
and 𝐸𝑖 with 𝑖 ∈ 𝑒+, 𝑛, �̄�. Neglecting 𝐸𝑛 in the second equation is justified, since the neutron kinetic
energies do not exceed 50 keV, much lower than the O(3) MeV antineutrino energy. Therefore,
the antineutrino energy estimator relies on the measurement of the actual energy deposited by the
positron, in contrast to the total prompt energy of the event in the case of liquid scintillators. The
size of the cube in the SoLid geometry corresponds to the maximum path length of a 10 MeV
positron. According to Geant4 [6] studies, the positron in fact deposits its energy in a single cube
in 80% of events. Furthermore, the cube in which the annihilation occurred (Annihilation Cube
or AC) is the most energetic cube of the event when the positron energy is above 1 MeV. Thus,
an accurate reconstruction of the AC and an accurate calibration of its energy are key to a precise
measurement of the antineutrino spectrum; which in turn is of the utmost importance for both the
oscillation analysis and the “5 MeV” bump exploration.

Figure 2. A sketch of the energy deposit (pink cube) in the SoLid detector plane with fired horizontal (red)
and vertical (blue) fibres and impacted (pink and light pink) MPPC.

However, the detector does not directly deliver the positron energy information at the cube
level. The starting point for any analysis is the digitised readout from the MPPCs. Therefore,
signal candidates must be defined from this input. More precisely, the MPPC response must be
transformed back into the list of detection cubes involved in the event. This list of cubes contains
the energy deposits from the annihilation gamma and positron if the mean path length of the
annihilation gamma is enough to escape the annihilation cube. In addition to verifying the energy
estimator suggested in Equation 1.1, the reconstructed annihilation gamma clusters also provide a
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very powerful background rejection tool. Figure 2 sketches the basics of the reconstruction problem.
If there is an energy deposit 𝐸 𝑗 , then the WLS fibres act as linear projectors to transfer light to the
MPPC. As mentioned above, the planes are optically decoupled; hence, the reconstruction problem
can be posed for each plane individually. By postulating 𝑎𝑖 𝑗 as the projector from cube j to MPPC
i, the readout value for this particular MPPC is calculated as follows:

𝑎𝑖,1 · 𝐸1 + 𝑎𝑖,2 · 𝐸2 + ... + 𝑎𝑖,256 · 𝐸256 = 𝑝𝑖 (1.2)

where 𝑝𝑖 corresponds to one of the 64 readout projection values (twice the sum of the number of
cubes in rows and columns) and 256 corresponds to the number of cubes in the plane. A similar
equation can be written for each individual MPPC. Afterwards, the system of 64 equations can be
represented in matrix form as:

𝐴𝐸 = 𝑝 (1.3)

where 𝑝 is the column vector of the readout projections. 𝐸 is a column vector of unknown energy
deposits that are determined by the reconstruction procedure. Finally, 𝐴 is a matrix of 64 × 256
dimensions. It is called the System Matrix and embodies the best of our knowledge about the
detector behaviour at each stage, from the light generation to the digitisation. Finally, it must
be complemented with the absolute energy scale to transform the energy of the cubes from the
analogue-to-digital converter units (ADCs) to the physics units (MeV). The description of the
methods for solving Equation 1.3 is beyond the scope of this article. The tools available on the
market, together with the baseline choice made for the SoLid experiment, known as the CCube
algorithm, are exhaustively discussed in [7]. The equation is solved assuming that the System
Matrix is determined from elsewhere. The derivation of this matrix and the determination of the
absolute energy scale are the subjects of this article.

2 Cosmic muons as the calibration source

The projector values 𝑎𝑖 𝑗 in Equation 1.2 are not constrained a priori. Their initial features are
obtained from a simplified optical simulation. The simulation is performed with the GODDeSS
extension framework [8] for Geant4. It consists of one row of 16 identical PVT cubes without
neutron detection screens, but wrapped in reflective Tyvek paper. Both horizontal and vertical WLS
fibres are paired with MPPCs, which read out the number of arriving scintillation photons. A single
muon is generated such that it crosses the central cube of the system. The setup is sketched in
Figure 3.

First, the simulation shows that the scintillation light is not contained within a single cube. A
significant fraction of the photons (∼10%) are propagated to the neighbouring cubes, in particular
through the holes created by the WLS positioning tolerances. This effect will be referred to as
Light Leaks (LL) in the following. The fraction of photons that end up two cubes away from the
crossed cube is at a subpercent level, and thus neglected. Therefore, each energy deposit has only
12 non-zero projector values associated with it. Four of them are related to the fibres in the main
cube, where the energy deposit has occurred, and another eight are related to the four neighbouring
cubes (2 on the horizontal axis and 2 on the vertical) created by the LL. Secondly, the simulation
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Figure 3. An optical simulation setup with a single muon track launched through the central cube.

reveals asymmetries in light sharing between the fibres. These asymmetries are observed between
the horizontal and vertical fibres. Moreover, the amount of light shared between the two horizontal
(vertical) fibres that cross the same cube is not equivalent either. Thus, a per-fibre determination of
the System Matrix elements, i.e. calibration, is desirable. The final stage of the simplified optical
simulation scrutiny is related to the impact of the WLS groove size. The width of the groove is
5 mm, while the diameter of the fibre is 3 mm. In the modified version of the simulation, the width
of the groove is changed to match the size of the WLS fibre, so that there is no air gap between
the two. This modification demonstrated a drastic change in the distributions of scintillating light,
which, in turn, indicates miscalibrations due to the actual geometry of the detector. This effect also
varies from cube to cube. Other effects such as temperature or the detector displacements triggered
by the movement of the calibration sources can also influence the detector response. The modelling
of the miscalibrations cannot therefore rely solely on physics assumptions such as attenuation length
or coupling effect. Since all detection units are identical in the Geant4 simulation, the modelling
cannot rely on it either. There are two ways to address this problem: develop a much more detailed
simulation or alternatively use data directly.

In summary, the optical simulation shows that the calibration in the SoLid experiment must be
performed on the per-fibre level. In addition, the calibration source must provide a way to determine
the LL. Accurate measurement of light-sharing features contributes to a precise reconstruction of
the positions of the cubes and their energies. Events can therefore be categorised on the basis of
their topological characteristics. These calibration requirements are further complemented by the
fact that the detector is a dynamic system; e.g. the PVT is exposed to ageing, which decreases
the number of generated photons and therefore modifies the energy response during data taking.
As such, the calibration procedure must be performed regularly, with a frequency defined by the
precision of the method. This in turn provides the third requirement: the precision of the approach
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has to be at the percent level, which requires enough statistics for all the fibres. Finally, let us return
to Equation 1.2. In the case of the unique energy deposit 𝐸 𝑗 , for the projection 𝑝𝑖 , the equation
simplifies as follows:

𝑎𝑖 𝑗 · 𝐸 𝑗 = 𝑝𝑖 , (2.1)

where 𝑝𝑖 is the direct input of the detector. Hence, if the total energy deposited in the plane is
known, the projector value 𝑎𝑖 𝑗 is the only unknown. Therefore, in such a case, all 12 projector
values associated with the cube, where the energy deposit occurs, can be measured directly. Cosmic
muons can meet all the requirements listed above. On average, muons deposit 1.6 MeV/cm (which
translates to 8 MeV for the SoLid detection unit size of 5 cm). As such, it is possible to accurately
measure both the light-sharing properties within the main cube traversed by a muon and in the
neighbouring cubes impacted by the LL. Furthermore, the muon track typically crosses several
cubes in the detector. Thus, it is possible to use a single track to calibrate multiple cubes. However,
to fit the condition of the single energy deposit in the plane, only a subset of the cosmic muon sample
is considered for calibration purposes. It consists of parts of the muon tracks that are horizontal
enough to cross only one cube in a plane.

3 Selection of Horizontal Muons

Horizontal muon candidates are selected from both reactor-off (ROff) and reactor-on (ROn) samples.
The selection itself is implemented in the SoLid Analysis Framework (Saffron2). The main objective
of the tool is to cluster the waveforms recorded by detectors that are close in time and space. The
waveforms within a cluster are divided into three mutually exclusive categories: muons, nuclear
signals, and electromagnetic signals. The latter two are aimed at selecting the signals originating
from the IBD neutron (nuclear) and positron together with annihilation gammas (electromagnetic),
respectively. The exhaustive description of the Saffron2 software can be found in [9]. As for
muon clusters, they are searched for in the first place that satisfies a single requirement on the
fibre read-out: the presence of high-energy channels with an amplitude greater than 200 ADC
counts. If the number of these channels is less than 11, the muon candidate is tagged as a Type 0
muon. In most cases, Type 0 muons correspond to the so-called clipping muons, which cross only
a few cubes on the edge of the detector. In other cases, the muon candidate deposits energy in a
larger number of cubes that most likely form a track. The latter assumption is checked with two
weighted least-squares linear fits (vertical and horizontal projections). The candidates are further
divided into two categories according to the convergence of the fits: Type 1 if either one of the
fits has failed; Type 2 if both fits were successful. The horizontal muons used for the calibration
are selected exclusively from the Type 2 muon sample. It is important to mention that the fits are
performed solely with the fibre-level information, i.e. the reconstruction algorithm is not involved
in determining the positions of the cubes on the track. Therefore, one can simultaneously solve
equation 1.3 and determine the System Matrix. Several additional requirements are applied to Type
2 muons to increase the quality of the sample and ensure that there is indeed a single cube hit in the
plane. First, the start and end cubes of the track have to be on the detector border. This requirement
allows the muons, which are captured while crossing the detector (stopping muons) and as such
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have a different stopping power, to be rejected. Second, the muon track length must be greater than
or equal to 7 cubes. This rejects candidates that are likely excited nuclei. Third, the slopes 𝑥/𝑧 and
𝑦/𝑧 must provide cos 𝜃 less than 0.8, where 𝜃 is the polar angle of the muon track (approximately
40◦). The development of the muon selection is discussed in [10]. An example of a Type 2 muon
track that meets all the listed conditions is shown in Figure 4. However, not all cubes along this track
are used in the calibration procedure. To select the planes in which the muon has indeed deposited
its energy in a single detection unit, the cube is kept if and only if the reconstructed track enters
and exits the cube through a fiducial window. This window is shown in pink in Figure 5. The set
of such cubes from the dedicated muon tracks is referred to as horizontal muons in the following.

Figure 4. An example of the horizontal muon track obtained from ROff data.

Figure 5. The entrance and exit windows (shown in pink), that the reconstructed muon track must follow.
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3.1 Dead fibres and overflown channels

There are 4 fibres traversing each SoLid cube. If there is an energy deposit in the cube, each
fibre should receive a fraction of the scintillating photons. However, there are several scenarios
for which this is not the case. The first one appears when the energy contribution is not enough
for the fibre photons to meet the threshold level; since muons typically deposit large amounts of
energy on average, this is not the main case. Another appears when one or more fibres are dead, i.e.
that the fibre does not transport the photons to the MPPC. About 1% of the fibres are permanently
dead (most of these dysfunctional fibres are concentrated in Module 5. This module is the furthest
from the reactor core and hence receives the least statistics) or temporarily in dysfunction. The
latter happens if a fibre receives too many scintillating photons (e.g. stopping muons) to the extent
that it exceeds the processing capacity of the electronics. According to ROff studies, a single
channel saturates at 15700 ADC counts. When a channel saturates, the corresponding event buffer
is required to be reset in order to transmit again normally the read-out information. This reset occurs
only at the beginning of a new physics run that lasts 8 minutes. Therefore, a saturated fibre remains
dead until the end of the current run. The time evolution of the number of candidates reconstructed
with different numbers of fibres is presented in Figure 6. As a side note, the dying fibre effect also
impacts Equation 1.3. If the fibre dies during the run, the corresponding projector values a𝑖 𝑗 are
switched to zero and restored with the fibre at the beginning of the next run.

Figure 6. The time evolution of the number of cubes reconstructed with different number of fibres within a
run of ROff data. The total number of cubes (blue) is shared among 4 (red), 3 (purple) and 2 (green) fibres.

4 Relative calibration

The System Matrix is first filled with the initial values of the 𝑎𝑖 𝑗 projectors according to Equation 2.1.
For each fibre, the projection 𝑝𝑖 is computed by multiplying the number of photons arriving (𝑛𝑖) by
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Figure 7. The calibration problem posed by horizontal muon. Scintillation light shared between the hit cube
(in pink) with fibre projectors p𝑖 and the cubes affected by the LL (light pink) with projectors p 𝑗 .

the MPPC gain (𝑔𝑖). The gain for the entire SoLid detector was equalised at the beginning of each
data-taking period [11]. Therefore, the projector 𝑎𝑖 𝑗 is defined as:

𝑝𝑖 = 𝑛𝑖 · 𝑔𝑖 = 𝑛𝑖 · 𝑔

𝑛plane =
∑︁
𝑘

𝑛𝑖 =⇒ 𝐸plane = 𝑛plane · 𝑔

𝑎𝑖 𝑗 =
𝑝𝑖

𝐸plane
=

𝑛𝑖

𝑛plane
.

(4.1)

This formula is equivalent for all fibres (shown in Figure 7) of the main cube that is traversed by the
muon track, and of the neighbouring cubes that are affected by LL. This formula provides a single
value for the projector 𝑎𝑖 𝑗 of a single muon. Once all muons crossing a cube are considered, the
distribution of the projector values is obtained. The value 𝑎𝑖 𝑗 that goes into the System Matrix is
determined from a fit of a Landau model to the distribution. A transformation that deals with the
outliers and ensures a Gaussian behaviour of the distribution is applied, and is described in the next
section.

4.1 KL divergence

The Kullback–Leibler (KL) divergence method [12] is a type of statistical distance (or dissimilarity
test), which quantifies how much a probability distribution 𝑝1 is different from a reference probability
distribution 𝑝2. In the case of the SoLid experiment, both distributions must obey the Poisson law;
hence, the KL divergence, slightly modified with respect to [12], is given by:

𝑚 = 𝐾𝐿 (𝑝1 ∥ 𝑝2) =
∑︁

𝑝1(𝑥) · ln
𝑝1(𝑥)
𝑝2(𝑥)

= 𝜆1 · ln
𝜆1
𝜆2

+ (𝜆1 − 𝜆2) . (4.2)

This class of equations is solved with a Lambert function 𝑊 [13]. This is a multivalued function
with different branches, which works only for certain values of 𝜆1. In our implementation, 𝜆1 is
either 22.5% (main cube with four fibres) or 1.25% (adjacent cubes, 8 fibres). The parameter 𝑚 is
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the mean of a Gaussian model fit to the initial distribution of 𝑥. Equation 4.2 is solved for 𝜆2 (mean
value of the measured distribution) as follows:

𝜆2 = 𝜆1 ·𝑊 [ 1
𝜆1

· 𝑒𝜌] ,where 𝜌 = 1 + 𝜆1 · ln𝜆1 −
𝑚

𝜆1
. (4.3)

As a result, it is not the distribution of 𝑎𝑖 𝑗 values that is fit. Instead, we fit the statistical distance
for each set of projector values from the Poisson law. The outliers in the transformed distribution
are much more pronounced and can be straightforwardly excluded from the fit. The result of the
application of the KL divergence method is shown in Figure 8. As such, the total sum of the
light-sharing fractions from the four fibres of the main cube and eight fibres of the adjacent cubes
improves from 96% to 99%.

Figure 8. The distributions of the light fraction observed by one of the fibres in the neighbouring cubes
(triggered by LL) before (left) and after (right) application of the KL divergence method.

4.2 Homogenisation of the response

Figure 9. The energy loss distribution before(left) and after (right) application of the 4 active fibre cut.
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The second stage of the relative calibration is the homogenisation of the response from indi-
vidual cubes. The characteristics of the detection units differ, causing a variation in the response
of the detector. The energy loss of the muon serves as a calibration reference. The sum of the
responses of the 12 fibres involved within the plane is considered as the total energy deposit made
by the muon while crossing it (as in the variable 𝐸plane from Equation 4.1). In addition, all muon
candidates are selected from Type 2 muons, for which there is a successfully reconstructed track.
The path length of the muon within a certain plane is determined from this track information. Thus,
the energy loss is estimated as:

d𝐸
d𝑥

=
𝐸plane

𝑥track
. (4.4)

The energy loss distribution for a given cube is obtained by applying Equation 4.4 to the subset
of muons that cross it. A muon is rejected if the cube is not reconstructed with 4 fibres (except
for the cases where the fibre is permanently dead). This additional selection compensates for the
dying fibre effect presented in Section 3.1. The result of the selection is shown in Figure 9. A
Landau function convoluted with a Gaussian is fit to the resulting energy loss distribution. The
model has 3 free parameters: the Gaussian width, the Landau scale factor, and its most probable
value (𝑚𝐿 𝑗 , where 𝑗 shows that the fit result comes from the energy deposit 𝐸 𝑗). The latter is used
as the denominator in the homogenisation procedure.

𝑎final
𝑖 𝑗 = 𝑎𝑖 𝑗 · 𝑚𝐿 / 𝑚𝐿 𝑗 . (4.5)

The mean detector response is used as the numerator. It is denoted as 𝑚𝐿 and is calculated as the
mean value of the distribution with all the values of𝑚𝐿 𝑗 of the individual detection cubes. Projector
values 𝑎𝑖 𝑗 are weighted with respect to the average detector response. This re-weighting concludes
the relative calibration of the detector and establishes the final values of the elements of the System
Matrix. The impact of the homogenisation procedure is, as expected, the most pronounced for
planes with permanently dead fibres. As an illustration, Figure 10 displays the response of the 4
fibres of each main cube in plane 48. The dark blue area (half of the plane) corresponds to the dead
fibres. Even under such conditions, the relative calibration works reasonably well and allows the
events appearing in that region of the detector to be adequately reconstructed.

5 Absolute calibration

The results of the relative calibration must be complemented by the absolute energy scale. This
is a factor that converts the energy measurement from units provided by the electronics (ADC) to
physics units (MeV). One possibility of determining it consists of using the energy-loss distribution
from the cosmic horizontal muon. Since the relative calibration provides equalised responses from
all the individual detection units, it is sufficient to compute a single conversion factor instead of
proceeding cube-by-cube. All the energy loss values are therefore gathered in a single distribution,
to which the Landau function convoluted with the Gaussian is fit. The most probable value of
Landau gives the reference value in ADC units 1. The value in MeV is obtained from a dedicated

1technically in pixel avalanches, or PA, but since the gain is equalised for all the fibres, the conversion factor from PA
to ADC is known
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Figure 10. The light sharing distributions for the 4 main fibres of all the cubes in the plane 48 (dark blue
corresponds to permanently dead fibres) before (left) and after (right) applying the homogenising procedure.

Geant4 simulation. It includes the full-scale detector geometry that is combined with the CRY
engine [14] to simulate muons. All energy loss values obtained from the simulation are also
combined in a single distribution. The ratio between the most probable values extracted from two
fits defines the absolute energy scale.

Figure 11. Left: the setup used for the muon energy loss evaluation. Right: the energy loss distributions,
obtained for the muons of three different energy regimes. The results are within a broad 10% agreement.

Figure 11 shows the distributions of the energy losses values obtained with muons in three
different energy regimes (0.5, 5, and 50 GeV). Variations in the average response are at the level of
10%. This provides the fundamental limit to the precision of this method. Any improvement would
require a more accurate knowledge of the energy distribution of horizontal muons.

5.1 Absolute calibration with the americium-beryllium source

A novel method (to our knowledge) has been introduced by making use of an americium-beryllium
(AmBe) radioactive calibration source that was used in SoLid to calibrate the neutron signal.
The idea consists of measuring the response of the detector to the 4.44 MeV gamma emitted by
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excited 12C, with a branching fraction of 60%. These gammas can experience an electron-positron
(𝑒+𝑒−) pair conversion which provides a well-defined monoenergetic calibration source of 3.4
MeV. Although Compton scattering is the dominant process, the conversion appears in 3.5% of
the cases according to a generic Geant4 simulation (with the G4EmStandardPhysics physics
list). The presence of the positron makes the calibration signature identical to that of the IBD signal
candidates. Therefore, all tools developed for the topological identification of IBD events are highly
relevant and can be used to select 𝑒+𝑒−.

The chain that produces the production of 4.4 MeV gammas is as follows:

241Am −−−→ α + 237Np
α + 9Be −−−→ n + 12C∗

12C∗ −−−→ 12C + γ (4.438 MeV).
(5.1)

Furthermore, neutrons issued from the capture of 𝛼 in 9Be, can interact with 12C nuclei in the
detector materials. These neutrons are energetic enough to excite the 12C nucleus. During further
deexcitation, the same 4.44 MeV gamma can emerge as in the nominal decay chain. The initial
sample of the calibration signal is therefore increased by 15%.

Figure 12. The normalised energy distribution of the cubes with the largest energy deposit in the events
from the AmBe Geant4 simulation with (green) and without (red) 𝑒+𝑒− pair conversion.

The initial information on the electromagnetic part of the signal provided by AmBe is obtained
from a dedicated Geant4 simulation. It consists of a simulation of the full-scale SoLid detector
geometry, where the radioactive source is placed in one of the positions available between the
modules. In order to optimise the computational cost of the process, only 𝑛 and 𝛾 are simulated
directly, instead of the entire chain shown in 5.1. The simulation indicates that the 𝑒+𝑒− pair
deposits its energy predominantly in a single cube. The experience from the IBD analysis suggests
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that the most efficient way to select the positron annihilation cube (AC) is to look for the cube with
the most energy in the event. The normalised distribution of the energy found in the AC candidate
is shown in Figure 12. The distribution contains two groups of events: with (green) and without
(red) 𝑒+𝑒− pair. The latter shows expectedly two Compton edges issued by the 4.44 MeV gamma
from AmBe and the 2.2 MeV gamma from 𝑛-capture on hydrogen. It also contains proton recoil
signals coming from the scattering with AmBe neutrons that are energetic enough, unlike the IBD,
to trigger this physics process.

The green signal distribution in Figure 12 shows a sharp peak at 3.4 MeV of energy deposited
by the 𝑒+𝑒− conversion pair. A small shoulder on the right-hand side of this peak is observed and
corresponds to additional energy deposits from the annihilation gammas experiencing Compton
scattering in the AC. The topological selection of calibration candidates of two back-to-back photons
separated by several cubes (as performed with IBD signal candidates discussed in [7]) removes most
of this contribution.

This Geant4 simulation is processed with the SoLid reconstruction software Saffron2. Basic
physics information about the event, such as the additional cubes in the envelope, the number of
reconstructed annihilation gamma candidates, and the cosine of the angle between the annihilation
gamma candidates, is built 2. Both signal and background events are preselected according to the
geometric requirements : AC must be a unique cube in the envelope, the number of reconstructed
annihilation gamma candidates must be 2, and they must be located in different hemispheres of the
detector.

Figure 13 shows the stacked signal (green) and background (red) distributions in the case
of Geant4 simulation (left) and ROSim (right). One can notice that the imposed geometrical
requirements removed the annihilation gamma-knee energy deposits. The energy resolution of the
detector results in a smearing of the measured distribution. The most probable values of both the
signal and the background are found in the calibration region of interest.

Figure 13. The stacked energy distribution of the cubes with the largest energy deposit in the events from
the AmBe Geant4 simulation (left) and ROSim output (right) with (green) and without (red) 𝑒+𝑒− pair
conversion. Selected events have an empty envelope and 2 reconstructed annihilation gamma candidates.

2The processing is done with the calibration based on the use of the horizontal muons and within the special module
called the ReadOut Simulation or ROSim. The goal of this module is to make the Geant4 output files compatible
with the Saffron2 input format. ROSim transforms the Geant4 energy deposits into the number of scintillation photons
that are read out by the correspondent MPPCs. However, it skips the actual optical simulation and generation of the
waveforms to optimise the computational cost of the processing. The detailed tuning of the ROSim is reported in [15].
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5.1.1 Calibration method

Template models based on the Geant4 energy distributions for the signal and background are used
to interpret the AmBe calibration data following a method discussed in Section 3.4.2 in [11].
The original model described in the previous section is first smeared event-by-event with a normal
distribution. The 𝜎 parameter of the Gaussian represents the energy resolution of the detector.
Each resulting distribution is further shifted by an absolute energy scale factor.

The calibration proceeds via a scan of the parameter space for both the𝜎 and the absolute energy
scale factor to find the best pair of parameters. An unbinned event-by-event maximum likelihood fit
is performed with the ROOT RooFit toolkit software [16]. For each pair, the transformed templates
are converted to probability density functions, while the signal and background yields remain the
free parameters of the fit. The negative logarithmic likelihood is used as a measurement of the
goodness of fit. The method has been tested with ROSim data samples, separately for signal and
background candidates first (see Figure 14) and then by combining them. The best fit is obtained
for the pair of parameters (0.932, 14.9%) and is reported in Figure 15.

Figure 14. The comparison of the ROSim distribution with the Geant4 template transformed with the best
pair of parameters obtained from the 𝜒2 scan.

Figure 15. An example of the unbinned event-by-event ML fit performed on the AmBe ROSim sample. The
background component is displayed in red, the signal component in blue, the total model in black, and the
data are represented by the black points.
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Figure 16. Sampled Geant4 templates used for the statistical precision studies for signal (left) and back-
ground (right). The black data points indicate the baseline template.

5.1.2 Uncertainty budget

The statistical component of the uncertainty of the method is addressed by means of pseudoex-
periments. The Geant4 templates featuring the best pair of parameters obtained from the ROSim
fit are taken as a baseline and used to generate the pseudoexperiments within the RooFit package.
Figure 16 shows the superimposed distribution for all pseudoexperiments with the baseline template
indicated by the black data points. Each generation of pseudoexperiments is used to repeat the fit
and obtain a new value for the absolute energy scale factor. The distribution of the values obtained
is shown in Figure 17. The spread of the distribution evaluated with a Gaussian fit provides the
statistical precision of the method: it is less than one percent.

Figure 17. The scale factor values distribution obtained from the ROSim data fits with the sampled signal
and background templates. The Gaussian fits shows the statistical precision at a sub-percent level.

Modification level: 0% 5% 10% 20%

Modified Model
Scale 93.16 93.24 93.35 93.52

Resolution 14.45 14.10 13.96 13.90

Modified ROSim sample
Scale 93.16 92.99 92.87 92.63

Resolution 14.45 15.35 16.02 17.45

Table 1. The fit results with the modified model and ROSim sample.
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The systematic studies focus on the possibility of the presence of an additional background
component, which would not have been simulated. In fact, different background-to-signal ratios are
observed in ROSim and calibration data. Indeed, the two AmBe calibration campaigns performed
during data collection used trigger settings that were not aligned with those used in IBD data-
taking periods, and no careful evaluations were performed on possible additional backgrounds.
Furthermore, the Geant4 simulation does not take into account the neutron pile-up (only one
neutron is generated per event). This could result in additional proton recoils that are not simulated.

In order to evaluate how robust the determination of the absolute energy scale factor is to an
additional background, the scan of the best pair of parameters is performed in the presence of a
linearly-decreasing background component with different global contamination fractions (5, 10 or
20%). The results are collected in Table 1. The determination of the energy scale factor is stable
even with the highest contamination, suggesting that the systematic budget is comparable to the
statistical uncertainty. In contrast, the energy resolution parameter strongly depends on the presence
of this additional potential background. This cannot thus be used reliably to determine the intrinsic
energy resolution of the SoLid detector.

5.1.3 Results

The same fit strategy used for the simulation is applied to the calibration data obtained in the 2020
summer calibration campaign. An additional requirement based on the low multiplicity of the cubes
(less than 5) is applied (and by construction an event must have at least 3 cubes). Indeed, events
with low multiplicity only accommodate the AC and 1 or 2 cubes for each annihilation gamma.
This requirement therefore mitigates the contributions of proton recoils in the case of events with
multiple neutrons. The best-fit result is shown in Figure 18. The value of the energy scale factor
relative to the muon absolute calibration reads 0.9620 ± 0.0014.

Figure 18. The result of the unbinned event-by-event ML fit performed on the AmBe sample.

6 Crosscheck and validations

Note that the results reported in this section use both relative and absolute calibration performed
with the horizontal muons. To begin with, one of the requirements of the calibration was a statistical
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precision at the level of 1%. To reach it, the ROff data are gathered in 10-day periods. This sample
size allows the precision of the method and the actual variations of the detector response to be
aligned. Figure 19 shows an example of the statistical uncertainty distribution. The blue value
corresponds to an uncertainty associated with one of the fibres in the main cube for each of the
detection cells of the SoLid detector, whereas the orange distribution shows the same for one of the
fibres impacted by the LL.

Figure 19. The distribution of the statistical uncertainty associated to the light sharing determination based
on 10-days statistics of horizontal muons.

Horizontal muons provide information on the time evolution of the detector response. The
PVT is exposed to ageing, which decreases the performance of scintillating photon generation.
Ageing is not homogeneous; hence, some of the fibres can be more exposed to it. Finally, the
WLS fibres also undergo ageing, but the scale of the effect is much less significant, according to the
manufacturer’s information. All of these factors imply that the characteristics of light sharing evolve
over time. To demonstrate it, we take one of the vertical fibres in the main cube of each detection
cell. The fraction of light received by this fibre during the reference period is compared with the
fraction received by the same fibre in the following periods. The plot on the left of Figure 20 shows
this comparison for the reference period from the very beginning of data-taking in summer 2018
to periods 6, 12, and 18 months later. The mean value of the distribution that shifts towards the
negative one is a clear measurement of the ageing of the detector. Simultaneously, the growing
width of the distribution shows that ageing impacts the fibres differently; hence the importance of
the frequent relative calibration of the detector. The same behaviour is obtained for the four main
fibre distributions. The absolute energy scale can be used as an alternative approach to track the
evolution of the detector response. The plot on the right of Figure 20 shows the evolution of the
absolute energy scale factor. This is yet another demonstration of the ageing of PVT. The average
effect is around 4-5% per year, which is slightly higher than expectation [17]. It could be explained
by a chiller failure that occurred in May 2019, when the temperature in the detector container
increased to 50◦C instead of the usual 12◦C in standard operation. The incident is believed to
have caused a degradation in the performance of the PVT. The final cross-check is done with a
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higher granularity. It explores the evolution of the response on the per-module level. The result
is presented in Figure 21. The last detector module concentrates most of the dead fibres; thus, the
average absolute energy scale in the module is expected to be lower, while it is determined with
slightly worse precision. This effect is mitigated if planes beyond plane 45, where most of the
dead fibres reside, are discarded. Without these planes, the performance of module 5 matches the
performance of other modules.

Figure 20. Left: the relative time evolution of the light sharing in a fibre of the main cube. The reference
period is from the start of the detector operation in summer of 2018 while the others are from 6 (orange), 12
(blue) and 18 (green) months later. Right: the Light Yield versus time. The dashed line shows the linear fit,
that indicates the 4.5% PVT ageing effect. The red solid line indicates the time stamp of the chiller failure.

Figure 21. The average absolute energy scale factor (left) and the spread (right) per module for the 10 days
statistics of horizontal muons versus time. The red solid line indicated the time stamp of the chiller failure.
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6.1 Cosmogenic background determination

Standard background candles can be used to verify the combined calibration and reconstruction
tools. The energy distribution is measured and can be compared with the Geant4 prediction. It has
been done for cosmogenic muon-induced backgrounds issued from the excitation of the 12C nuclei
that the PVT comprises:

μ− + 12C −−−→ 12B + ν̄μ
12B −−−→ 12C + ν̄𝑒 + e− .

(6.1)

12B is a well-known radioactive 𝛽 source. The half-life of the isotope is short (20.2 ms), and the end-
point energy of subsequent 𝛽 decay is 13.4 MeV. Therefore, the energy distribution of these electrons
completely covers the IBD energy range of interest. The selection of event candidates is based on the
identification of muon tracks that stop inside the detector. Then an electromagnetic cluster, close in
space and time to the reconstructed muon, is searched for. To suppress the background, the energy
of the cluster is required to be above 3 MeV. Furthermore, events with additional muon candidates
within the 200 𝜇s time window are removed. It suppresses spallation neutrons that can mimic
an electromagnetic cluster. The yield of 12B is estimated from a fit of the time distance between

Figure 22. The comparison of the 12B energy spectrum from ROff (blue) and Geant4 (orange). Bottom:
relative ratio between the two with the statistical (blue bars) and systematic (cyan rectangles) uncertainties.
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the muon and the electromagnetic cluster. Finally, the energy spectrum reported in Figure 22 is
determined after a statistical subtraction of the background using the sPlot [18] technique. The
comparison between the measured spectrum and the reference from Geant4 shows an agreement
better than 5% throughout the energy range. These results validate both relative and absolute
calibration with horizontal muons. This standard candle background could not be observed in
the SoLid data prior to the introduction of the muon calibration. The interested reader can find a
comprehensive description of this analysis in [19].

6.2 The linearity curve

It is interesting to gather the different calibration results obtained with the SoLid detector in a single
linearity plot. The plot shows the calibration values obtained from the horizontal cosmic muons,
the cosmogenic background source 12B, and the AmBe radioactive source measurements covered in
this paper. It is complemented with an additional point provided by another radioactive source 22Na,
which was previously used by the collaboration and is discussed extensively in [20]. A coherent
picture emerges from this figure and provides confidence in the standard calibration tools of the
detector response used for the physics measurements discussed in [21].

Figure 23. The linearity of the SoLid detector energy response measured with 4 calibration sources that
covers the typical reactor antineutrino energy range.

7 Conclusions

This paper describes the relative and absolute energy calibration of the positron signal in the SoLid
detector. An accurate reconstruction of the reactor antineutrino energy is of utmost importance
for both oscillation and “5 MeV bump” analyses. The relative calibration of the detector cells is
performed at the percent level thanks to the large samples of horizontal cosmic muons recorded by
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the SoLid detector. Subsequently, the same horizontal muon sample is used to provide the absolute
energy scale factor with a systematic uncertainty at the level of 10%. A novel alternative method
that relies on the creation of electron-positron pairs from the conversion of AmBe 4.4 MeV 𝛾 into
the detector matter is introduced and allows for an absolute energy calibration at the percent level.
The methods and procedures have been further validated by the successful search for a cosmogenic
background candle 12B and its subsequent measurements.
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