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The SOX experiment investigates the existence of light sterile neutrinos. A solid signal
would mean the discovery of the first particles beyond the Standard Electroweak Model and
would have profound implications in our understanding of the Universe and of fundamental
particle physics. In case of a negative result, it is able to close a long standing debate
about the reality of the neutrino anomalies. The SOX experiment will use a *4Ce —4 Py
antineutrino generator placed 8.5 m below the Borexino liquid scintillator detector. In
view of the SOX experiment, a precise knowledge of the energy response and the spatial
reconstruction of the antineutrino events is very important. Consequently, a calibration
campaign of the Borexino detector is foreseen before the beginning of the SOX data taking.
This paper briefly reviews the techniques used for calibrate the Borexino detector.

1 Introduction

Although most of the collected neutrino experimental data are explainable within the three-
flavor oscillation model, some short-baseline neutrino experiment have reported results that
significantly deviates from the three active neutrino picture ([1, 2, 3, 4]), suggesting a possible
short distance oscillation between the three known neutrino states and one hypothetical new
state with a squared mass Am?, of about 1 eV2. Due to constraints on Z boson coupling
asserted by LEP, this state would be sterile.

The SOX project aims to test the existence of light sterile neutrinos detecting the antineu-
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trino flux coming from a 150 kCi #4Ce —14* Pr source placed at short distance from the
Borexino liquid scintillator detector [5] (figure 1). Antineutrinos are detected inside Borexino
via inverse beta decay, thus with a negligible background [6]. Borexino will investigate short
distance neutrino oscillations in two ways. The first way is the standard disappearance tech-
nique (rate technique). Knowing the source activity and measuring the interaction rate, it is
possible to investigate the existence of the sterile neutrino state. The second way is based on an
oscillometry measurement within the detector volume (shape technique). Expected sensitivities
are shown in figure 2.
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Figure 1: Schematic drawing of the Borexino  Figure 2: Neutrino anomaly region and fore-
detector. seen sensitivity for SOX.

2 Motivation for a calibration campaign and Borexino
source insertion system

A good knowledge of the Borexino detector response is a key requirement for the SOX analysis.
Given the large dimensions of the detector, it is necessary to map the energy response and the
position reconstruction accuracy in the whole active volume. Since the energy of the incoming
antineutrino is reconstructed from the positron energy, the knowledge of the energy scale is
mandatory. Consequently, a Monte Carlo simulation code have been developed and the detector
response have been tested deploying radioactive sources in several positions (2008 and 2009
calibration campaigns [7]). These data are extremely useful in view of the SOX experiment.
Since the SOX and geoneutrino signals have the same features, calibration data acquired for
the geoneutrino analysis can be used also for SOX. Nevertheless, a new calibration campaign
is foreseen before the arrival of the SOX antineutrino source. These calibration data are of
extreme importance in understanding the detector behavior and to increase the reliability of
the SOX Monte Carlo simulation code. Since in the SOX analysis the cut efficiencies and the
sensitivity studies are performed analyzing the output of the simulations, having an accurate
simulation code is crucial for a proper data analysis.

Sources are inserted in Borexino by means of a series of hollow interconnecting rods in a 4"
pipe connecting the top of the detector with the liquid scintillator (figure 1). One special rod has
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Figure 3: Left: picture shot by a CCD camera. The insertion system is visible and it is pointed
by the blue arrow. Right: vials used for gamma (top) and neutron (bottom) sources.

an hinge that allows the arm to bend up to 90° and thus reaching most of the detector’s active
zone. Since it is important to know the position of the inserted source, a source location system
have been developed. The system has to find the exact coordinate of the position in which
the source is deployed. This information is crucial for estimating the position reconstruction
accuracy. Consequently, seven CCD cameras look for the position of a red (wavelength about
630 nm) light diffuser attached close to the source (figure 3). The system is able to locate the
source within 1 cm. The wavelength of this light has been chosen so as not to be harmful to
the PMTs under HV.

3 Calibration campaign

3.1 Past calibration campaign

Gamma radioactive sources were dissolved in aqueous solution and contained in small quartz
vials. a and § radioactive sources (**C' —222 Rn) were contained in a quartz vial as well but
scintillator was used as solvent. Table 1 shows all the sources used for calibration purpose.

A deep understanding of the detector response to the gamma sources is fundamental for the
SOX analysis since the energy deposit of the prompt event is due to both positron interaction
with matter and to positron-electron annihilation.

The 24! Am —9 Be neutron source calibration was performed mainly for solar neutrino (8B)
and geoneutrino analyses. Nevertheless, they are of fundamental importance for SOX, since
the delayed event is due to neutron capture. In the ?*'! Am —? Be neutron source, neutrons
are produced in association with gammas, with a total energy releas of 4.44 MeV. Similarly
to the SOX signal, the 24 Am —? Be source provides a prompt and a delayed event (figure 4).
The prompt event is due to the gamma energy loss together with the signal of proton recoils
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Source Type E [MeV] Position Motivations Campaign

5TCo ¥ 0.122 in IV volume Energy scale v
139Ce vy 0.165 in IV volume Energy scale v
203Hg 0 0.279 in IV volume Energy scale 11T

85Gr vy 0.514 z-axis + sphere R=3m Energy scale + FV IILIV
54Mn 0 0.834 along z-axis Energy scale 11T
557n 0 1.115 along z-axis Energy scale 11T
50Co vy 1.173, 1.332 along z-axis Energy scale IIT
0K 0 1.460 along z-axis Energy scale 11T
ZRn+C By 0-3.20 in IV volume FV+uniformity LIV

«@ 5.5, 6.0, 7.4 in IV volume FV-+uniformity

21 Am°Be n 0-9 sphere R=4m Energy scale + FV II-1V

394 nm laser  light - center PMT equalization v

Table 1: Radioactive sources used during the Borexino internal calibration campaigns. The
radionuclides, energies and emitted particle types are shown in the first three columns. The
fourth column indicates the positions where the sources were deployed within the scintillator.
The main purposes for the individual source measurements are summarized in the fifth column.
The last column indicates in which campaign the sources have been deployed: T (October 2008),
IT (January 2009), IIT (June 2009) and IV (Jul 2009). FV is the fiducial volume used in the solar
analysis [8], the corresponding sources were used to evaluate the event position reconstruction
performances.

due to interaction of neutron with the scintillator. Afterwards, neutrons thermalize in the
hydrogen-rich organic scintillator and are captured either on protons or carbon nuclei, emitting
characteristic 2.22 MeV and 4.95 MeV ~ rays (figure 4). These 7 rays produce a delayed signal
according to the neutron capture time of about 254 us.

3.2 Next calibration campaign

Next calibration campaign will take place next fall just before the SOX source arrival. During
next calibration campaign both gamma and AmBe sources will be deployed inside Borexino.
This calibration will be very useful both for phase 2 solar neutrino analysis (precision measure-
ment of solar neutrino fluxes) and for SOX. Differently from old calibration campaigns, there
will be an extensive calibration with AmBe source, especially nearby the inner vessel. The
calibration points at large radii will be extremely important to study the neutron detection
efficiency at the border of the active zones.

4 Conclusions

The SOX experiment aims to investigate the existence of sterile neutrinos placing a high activity
1440 e 144 Pp antineutrino source below the Borexino detector. Both a rate analysis and a shape
analysis are foreseen. For both the analyses, a deep understanding of the detector response is
necessary. In the past years, the detector have been calibrated deploying several sources in the
active volume. A new calibration campaign is foreseen for the end of this year, just before the
beginning of SOX data-tacking.
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Figure 4: Energy spectrum of the 24! Am —9 Be source. The spectrum is subdivided in neutron-

induced prompt signal (blue) and delayed signals (red).
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