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Abstract. Borexino is a 300 ton sub-MeV liquid scintillator solar neutrino detector which
has been running at the Laboratori Nazionali del Gran Sasso (Italy) since 2007. Thanks to
its unprecedented radio-purity, it was able to measure the flux of 7Be, 8B, pp, and pep solar
neutrinos and to detect geo-neutrinos. A reliable simulation of the detector is an invaluable
tool for all Borexino physics analyses. The simulation accounts for the energy loss of particles
in all the detector components, the generation of the scintillation photons, their propagation
within the liquid scintillator volume, and a detailed simulation of the electronics chain. A novel
efficient method for simulating the external background which survives the Borexino passive
shield was developed. This technique allows to reliably predict the effect of the contamination
in the peripheral construction materials. The techniques developed to simulate the Borexino
detector and their level of refinement are of possible interest to the neutrino and dark matter
communities, especially for current and future large-volume liquid scintillator experiments.

1. Introduction
Borexino pioneered the development of ultra-low radioactive background detectors twenty-five
years ago. The usage of a large volume, liquid scintillator detector made the measurement of
most of the solar neutrino spectrum possible [1, 2]. Besides Borexino, a large number of liquid
scintillator detectors were operated, are running, or are being designed for measurements on
neutrino oscillations, neutrinoless double beta decay, or for use as active γ-ray and neutron veto
devices for direct WIMP dark matter experiments (see Tab. 1 of Ref. [3]). The accurate modeling
of the detector response by means of Monte Carlo (MC) methods is pivotal to perform precise
and high quality measurements. In this paper, the MC simulation of the Borexino experiment
is described. The methods and the results here illustrated can be easily adapted to other liquid
scintillators and detector geometries. This work is fundamentally based on Ref. [3].

2. The Borexino experiment
Borexino is an un-segmented calorimeter consisting of ∼278 t of organic liquid scintillator [4]. It
is schematically depicted in the left panel of Fig. 1. The inner detector is enclosed by a stainless
steel sphere (SSS) that serves both as the container of the scintillator and as the mechanical
support of the photomultipliers (PMTs). Within this sphere, two nylon vessels (0.125 mm thick)
separate the volume in three shells of radii 4.25 m, 5.50 m, and 6.85 m. The inner nylon vessel
contains the liquid scintillator solution, namely PC (pseudocumene) as a solvent and the fluor
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Figure 1. Left Panel: Schematic drawing of the Borexino detector. Right Panel: Cross section
of the detector geometry as implemented in the simulation.

PPO (2,5-diphenyloxazole) as a solute at a concentration of 1.5 g/l. The second and the third
shells (buffer regions) contain PC with a small amount (2.8 g/l) of DMP (dimethylphthalate)
as a light quencher added to further reduce the scintillation yield of pure PC. 2212 internal
PMTs mounted on the inner side of the stainless steel sphere detect the scintillation light. A
18 m in diameter, 16.9 m height domed cylinder filled by ultra-pure water contains the SSS and
acts both as radiation shielding and as Čerenkov detector for identifying and vetoing cosmic
muons. For this purpose, 208 additional PMTs are mounted on the outer side of the SSS and on
the water tank floor. Solar neutrinos are detected through their elastic scattering on electrons.
The measurement of different solar neutrino components is possible through a fit of the electron
recoil energy spectrum, which can disentangle the contribution of solar neutrinos and that of
background signals [2]. Anti-neutrinos (ν̄e) are detected via inverse β decay (ν̄e+p→ e++n) with
a threshold of 1.806 MeV. The characteristic time and spatial coincidences of prompt (positron
energy depositions) and delayed events (neutron capture) offer a clean signature for the ν̄e
detection.

Borexino was designed (and then succeeded) to measure the low energy portion of the solar
neutrino spectrum and, in particular, the 0.862 MeV 7Be solar neutrinos [5, 6]. The extremely
low levels of radioactivity achieved within the scintillator allowed Borexino to broaden its science
reach beyond the original design goal. Borexino reported the first evidence for pep neutrinos
and the best upper limit on the solar CNO flux [7], as well as the measurement of the electron
recoil induced by 8B neutrinos with a record-low threshold of 3 MeV [8], and the first real-time
detection of pp solar neutrinos [9]. Further physics results of Borexino include the detection of
geo-neutrinos [10], searches for anti-neutrinos from astrophysical sources up to 15 MeV [11, 12],
searches for solar axions at 5.5 MeV [13], as well as other exotic searches [14, 15, 16]. The
investigation of short baseline anti-neutrino oscillations into light sterile neutrinos using an
artificial 144Ce-144Pr source is planned for the near future within the SOX project [17].

The precision level of the Borexino MC simulation described in Ref. [3] and here summarized,
was fundamental for the development of the improved analyses on 7Be, pep, pp, CNO, and 8B
solar neutrinos which were recently reported in Refs. [18, 19].
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3. The Monte Carlo simulation code
The Borexino MC simulation was designed and optimized to fully model and reproduce particle
energy deposition, scintillation and Čerenkov photon production, and light propagation in all
the detector volume up to the signal detection [3, 20]. The event and light generation as well
as light propagation are implemented within the Geant4 package and use the standard libraries
therein [21]. Once optical photons reach the PMTs, a detailed electronics simulation takes place,
accurately modeling detector response and trigger formation.

The first ingredient for a successful MC is a detailed geometry and material simulation. The
right panel of Fig. 1 shows a cross section of Borexino as implemented in the simulation. All the
most relevant geometrical features are included, such as the PMTs with their real shapes and
positions, the nylon vessels, and the holding endcaps. The water tank geometry is also accurately
reproduced. Besides the geometrical details implemented in the simulation, the optical properties
of all the materials involved are considered according to specific measurements or data available
in the literature. It has to be noted that the inner nylon vessel shape is time dependent [2] and
this is properly accounted for in the simulation [3].

3.1. Event generation
Several generators were developed to simulate radioactive decays inside the scintillator, solar
neutrinos, and radioactive sources encapsulated as in the calibration campaign [22]. Standard
Geant4 classes manage most of the radioactive decays. Solar neutrino interactions are generated
with a custom algorithm based on the spectra as computed in the Standard Solar Model and
the standard electroweak theory considering neutrino oscillations. The propagation of γ-rays
from the SSS to the innermost fiducial volume is performed exploiting a novel technique, briefly
presented in Sec. 3.4 and more widely discussed in Refs. [3, 20].

3.2. Optical photon generation and propagation
The number of emitted photons and their time distribution in the PC+PPO mixture depend
on the details of the charged particle energy loss processes and on the molecular interactions
between solvent and fluor in the scintillator. The light quenching due to ionization is modeled
by the Birks formula [23] that links the scintillation light yield to the particle stopping power.
A correct parametrization of the Birks formalism requires to make the model compatible with
the Geant4 framework, by evaluating the quenching factor for the primary ionizing particle,
and making each daughter inherit the same factor [3]. The primary spectrum of Čerenkov light
is simulated by generating a number of photons per unit length and wavelength according to
the Frank-Tamm equation [24]. An accurate knowledge of the scintillator index of refraction is
needed for a successful Čerenkov light simulation.

The Borexino MC tracks each optical photon individually, considering its interactions with
the single components of the scintillator and the buffer. These processes include elastic Rayleigh
scattering, absorption and reemission by PPO, absorption by DMP, and also photon absorption
in the thin nylon vessels. The wavelength dependent attenuation lengths for these interactions
were obtained with dedicated spectrophotometric measurements. The absorption and reemission
models adopted in Borexino’s simulation treat separately the different components of the
scintillator mix (PC, PPO, and DMP) [3].

3.3. Electronics simulation
The electronics simulation code reproduces the electronics chain and the trigger system response,
based on the information of the PMT pulse times recorded in the Geant4 simulation. The code
simulates the detector electronics following its operating status over the entire data taking
period [3]. The dark rate of individual PMTs, the effective quantum efficiency for each channel,
and the PMT gains are saved in a database and are injected in the simulation on a weekly
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Figure 2. Left Panel: Relative difference of the energy peak position in MC and data (Nh

energy estimator) for calibration events as a function of the radial distance of the source from
the center [3]. Right Panel: Light curve (i. e. hit times with respect to the first hit in the cluster)
for calibration events in the center of the detector [3].

basis. In addition, the code includes the effect of bad channels and detector inefficiencies by
default in the same time dependent way. The charge associated to each photoelectron is sampled
from the single photoelectron response of each PMT modeled as an exponential plus Gaussian
distribution. The specific parameters describing this curve for each PMT were measured channel
by channel [3]. MC event reconstruction is performed in the same way as data [2].

3.4. External background simulation
An appropriate understanding of the external background was achieved by combining the
information obtained from the external calibration of the detector [22] with the development of
a special simulation procedure for the γ-rays originating in the PMTs and in the SSS. The
rate of the external γ-rays reaching a fiducial sphere of 3 m radius is reduced by a factor
∼ 107 thanks to the scintillator self-shielding. This makes it computationally unpractical to
simply simulate the γ-rays transport in the standard framework. Therefore, we implemented an
importance sampling algorithm [21] as variance reduction technique to speed up the simulation.
The algorithm considers the volume surrounded by the SSS as divided into spherical concentric
shells. Every time a photon crosses a boundary between two shells, the particle is either split or
killed with a given probability depending on whether the “importance” of the entering volume is
higher or lower than the exiting one. The importance grows while going towards the center of the
detector: this makes it more favorable for gammas to reach the innermost fiducial volume. This
algorithm simulates external background events originated on the SSS and interacting inside
the 3 m spherical fiducial volume at a rate of about 0.5 events per second. More details can be
found in Refs. [20, 3].

4. Tuning and validation
The MC was tuned and validated using data sets independent from the ones used for physics
analyses. The most important features of the events, i. e. the time-related distributions and the
position-dependent number of hits and photoelectrons detected by each PMT, are reproduced
with an accuracy of better than 1% within a 3 m radius fiducial volume in the energy range of
solar neutrino analyses [3]. The full simulations of scintillation and light propagation require
the input of a large number of parameters describing various features of the scintillator and
of the materials. The calibration campaigns [22] provided clean data samples to optimize the
simulation. A portion of the calibration data was used as a tuning sample, while an independent
set of calibration data was used for testing the performance of the simulation. The main difficulty
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Figure 3. Left panel: Data-MC agreement for the Nh energy estimator for different gamma
source energies in the center of the detector. Right panel: Comparison of the external γ-ray
energy spectrum (Nh) for source-induced events from the external calibration campaign. The
fiducial volume is defined as a sphere with 3.5 m radius.

in the tuning procedure is posed by the correlations among the parameters. Most of the physical
effects (which are connected to the material properties) are mutually dependent. More details
on the parameter tuning procedure can be found in Refs. [20, 3].

One of the critical aspects of the simulation is the reproduction of the detector response
non-uniformities for events in different positions in the fiducial volume. For solar neutrino
analyses, the goal is . 1% and the comparison between data and simulation is shown in the
left panel of Fig. 2, where the relative discrepancy for the energy estimator Nh (the number
of hits collected by the PMTs, see Ref. [2]) for calibration events is plotted as a function of
the source radial position. Inside a 3.5 m sphere, all the points are contained in the ±0.5%
band, thus showing that the precision goal was reached. The right panel of Fig. 2 compares the
MC and data time distribution of the hits detected by the PMTs for calibration source events
in the center. This curve is the convolution of the four exponential response function used to
describe the scintillation process (see Ref. [2]) and the simulated absorptions and reemissions.
The correct reproduction of the hit time distribution ensures that other more complex variables
reconstructed from the hit times are also correctly reproduced by the MC. The reproduction of
the energy response for β particles was optimized scanning the light yield, the Birks quenching
factor, the optical photon reemission probability at low wavelengths, and an overall multiplicative
parameter rescaling the simulated single photoelectron gains of the PMTs [3]. A comparison of
the calibration γ-ray source peak positions for the Nh variable is shown in the left panel of Fig. 3.
The energy response (peak and resolution) of all the sources located in the center of the detector
is reproduced with a precision better than 0.8% [3]. The external γ-ray simulation procedure
described in Sec. 3.4 was validated by direct comparison with data from calibrations [3, 22].
The reconstructed energy spectra and event positions were compared to the measured ones,
recording an excellent agreement. In particular, the right panel of Fig. 3 shows the agreement
in the energy spectrum for external γ-ray events in a 3.5 m fiducial volume sphere.

5. Event pileup simulation
Pileup events are due to two or more scintillation events happening so close in time that the
clustering algorithm cannot disentangle them. It is the most critical background for very low
energy solar neutrino analyses, particularly for the measurement of the pp neutrino interaction
rate [9]. It is possible to build the pileup energy spectrum using a data driven method (“synthetic
pileup”) [9]. The synthetic pileup production considers the hits recorded within a specific time
interval in the second half of the acquisition gate and superimposes them with the primary
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cluster, which caused the trigger to occur and is placed at the beginning of the DAQ gate.
These synthetic events are then processed with the standard reconstruction code. The tuned
MC simulation allows to reproduce the synthetic pileup and to gain understanding on its different
components. Details on the implementation can be found in Refs. [20, 3].

6. Conclusions and outlook
The most recent developments of the Borexino Monte Carlo ab initio simulation allowed to reach
an accuracy better than 1% in all the relevant quantities for solar physics analyses. The usage
of calibration sources proved to be essential in providing a large statistical sample of events with
well-defined energies and positions. These data sets allowed a precise tuning and validation of the
simulation as a whole. Novel simulation approaches for an efficient and accurate simulation of
external backgrounds were developed. These enabled to further understand crucial backgrounds
in Borexino such as external γ-rays and event pileup.

The Borexino MC code is an invaluable tool for all physics analyses and the results presented
in Refs. [18, 19] demonstrate it. Future possible developments include improvements in the
data-MC agreement at higher energies and larger radii, aiming at even better performances to
be exploited within the SOX experiment.
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