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The SOX (Short distance neutrino Oscillations with BoreXino) experiment aims to perform a
resolutive measurement for testing the longstanding hypotesis of a sterile neutrino in the eV? mass
scale. A very intense and well calibrated '#*Ce —1%* Pr antineutrino source will be placed under
the large size and very low background Borexino detector at Laboratori Nazionali del Gran Sasso
in Italy. Borexino demonstrated a such energy and position resolution that the disappearance
experiment can be performed and the short distance oscillations might be directly observed. In
this paper an overview of the key elements of the experiment is given and the expected sensitivity

to determine the sterile neutrino mass is shown.
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1. Introduction

Despite the standard three-flavour neutrino oscillation framework, in which the squared mass
differences between the mass states are well under 0.01 eV?, explains many experimental results
mostly reported by solar [1, 2, 3] and atmospheric [4] neutrino experiments, a new type of neu-
trino was suggested by a small subset of data and its existence is not yet clarified. In fact some
anomalous results have been reported in LSND [5] and MiniBooNE [6] experiments, where elec-
tron antineutrinos/neutrinos were found in a pure muon antineutrino/neutrino beam as well as in
radioactive source experiments as GALLEX [7] and SAGE [8] that have evidenced a small deficit
of neutrinos coming from ! Cr and 3’ Ar sources, respectively. In addition event rates measured by
many reactor experiments at short distances demonstrated the disappearance of v, [9], even if the
evaluation of the reactor antineutrino fluxes is nowadays under discussion [10].

The combined analysis of all the anomalies [11, 12], evidence that the data can be explained by
introducing one or two additional sterile neutrinos that mixe with the three active neutrinos, calling
for physics beyond the Standard Model. The global fit performed on the experimental results [13]
suggests that the new mixing parameters are in the Am2,, ~ 0.1 — 1 eV? and sin*(26,,,) ~ 0.1
region, implying that short distance oscillations with length less than 10 m, if the neutrino energy
is in the 1-10 MeV region, has to be investigated in order to clarify the sterile neutrino existence.
In general the short distance neutrino oscillation can be directly detected by means of neutrino/anti-
neutrino beams coming from accelerators [14, 15] or reactors [16] or by producing artificial sources.
More recent experimental results from reactor experiments [16] or from indirect measurements [17]
have reduced the allowed parameter space for a single sterile neutrino, but the direct measurement
in the Am2,,, = 0.1 — 1 eV? range have been not yet performed and this is the goal of the SOX
experiment [18].

By exploiting the Borexino detector at Laboratori Nazionali del Gran Sasso and a very intense

144Ce —1%4 Pr artificial antineutrino source a conclusive measurement may probe the reactor and
gallium anomalies in a clear way, either confirming or discarding the sterile neutrino hypotesis and
the short distance neutrino oscillations.
Borexino is a large scale detector, unique in the world in term of radiopurity and thanks to a small
pit, built at the construction time and located at 8.35 m from the center of the detector sphere,
where the source can be deployed, the allowed parameter region suggested by the anomalies can
be investigate and the short distance oscillations in the sterile neutrino might be directly observed.
The sensitivity of the measurement is based either on the detector performances, as the position and
the energy resolution, or on the source properties knowledge, as the activity and the antineutrino
energy spectrum and both have to be known with a very high precision.

In the following a detailed description of the detector and of the source will be reported and
the activity measurement necessary for achieving the required sensitivity will be described. Finally
the expected sensitivity plot in the Am?- sin®(20) parameters space will be shown.

2. The source

A '#Ce —1% Pr source of about 120 kCi activity is now in production at the Russian company
“Federal State Unitary Enterprise Mayak Production Association”.
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Through a long process of extraction, separation and purification from spent nuclear fuel, few
kilograms of CeO, powder containing a few tens of grams of '4*Ce (enough for the final source ac-
tivity) are pressed up to a density of 3-5 g/cm? and inserted in a double wall stainless steel capsule.
Then the capsule is placed in a cylindrical high density (95% tungsten, density > 18g/cm?) bio-
logical shield, whose thick (minimum 19 mm) guarantees a 10'? attenuation factor for the gammas
of 2.185 MeV emitted by the '**Pr decay with 0.7% branching ratio. The shield is finally closed
with an helicoflex gasket and then transported by ship and truck from Russia to Italy in about one
month.

The radioactive purity requirements of the source have been fixed in term of maximum gamma
emitter activity that has to be less than 10~3 Bg/Bq with respect to !**Ce activity and in term of the
244Cm activity (for neutron background) that has to be less than 107> Bq/Bq with respect to '*Ce.
In addition a limit is put on the activity of several nuclides that will be measured by the Russian
company by alpha and gamma spectroscopy or by (ICP-MS) mass spectroscopy before the delivery
and also on the ratio between the power released by the impurities, that has to be lower than 1073
W/W respect with that released by the Cerium.

The contract with the Russian company was signed at the end of 2016 and the source will be
delivered at St. Petersburg by 31th March 2018.

The #4Ce —1%4 Pr pair is well suitable for SOX [19] since the Ce lifetime 7, = 411 days is
long enough for the transportation and the data taking and the antineutrinos emitted by the '*Pr
beta-decay (with short lifetime 7p, = 24.94 min), have an end-point energy of 3 MeV, higher the
Borexino threshold of 1.8 MeV (see section 3).

For the final sensitivity, not only the activity of the source has to be measured with high
accuracy (better than 1%), but also the 144Ce and '**Pr beta spectra have to be known, since both
present non-unique forbidden transitions, for which the spectral shape theoretical predictions are
uncertain at the few % level and past beta spectrum measurements show discrepancies at 10% level.
Regarding the activity measurement, two different calorimeters have been built and calibrated (see
section 5) in order to characterize the source just before the insertion in the tunnel, while for beta
spectrum shape, new measurements for achieving about 3% uncertainties are planned inside the
collaboration, by developing dedicated apparatuses or by using the PERKEO spectrometer installed
in Munich [20].

3. The detector

The ultra low background Borexino detector [21], located deep underground under a 3800
meter water equivalent was mainly designed for the observation and study of solar [22] and geo
neutrinos [23]. A schematic layout is shown in Figure 1. The core of the detector is formed by
278 tons of ultra pure organic liquid scintillator contained in a transparent nylon spherical vessel
(R=4.25 m), surrounded by 2122 photomultipliers installed on a bigger stainless steel sphere of
6.85 m radius. A non-scintillating and transparent liquid fills the 1300 m> space between the inner
vessel and the stainless steel sphere, acting as shield against the external background. The stainless
steel sphere is contained in a cylindrical tank filled with ultra-pure water, acting as a muon veto,
thanks to 208 PMTs that detect the Cherenkov light of muon and as a passive shield against external
gammas and neutrons, at a same time. During the installation special techniques were adopted for
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Figure 1: Borexino detector layout

the cleanness of each component [24], in such a way that Borexino reached an unprecedented level
of radiopurity that results in an extremely low background allowing precise measurement of the
solar neutrino fluxes [22] as well as of the geo-antineutrinos fluxes [25].

Borexino can detect antineutrinos thanks to the inverse beta-decay process (whose threshold is 1.8
MeV) that produces coincidence events between the prompt positron annihilations and the 2.2 MeV
gamma emitted after the delayed neutron capture on protons. Due to the high activity of the source
compared with the geoneutrino or reactor antineutrino fluxes (10 events/year), the data are almost
background free and a statistic of 10* events is expected in 1.5 year of data taking.

Borexino demonstrated a spatial resolution on the vertex reconstruction of about 12 cm and an
energy resolution of about 3.5% for antineutrino of 2 MeV [3, 25]. However a new calibration
campaign with neutrons, positron and gamma radioactive sources is scheduled before the SOX
data taking, in order to confirm or possibly improve the spatial and energy resolution.

4. Sterile neutrino signal

The sterile neutrino evidence might emerge as deficit in the observed antineutrino rate (“dis-
appearance technique”) or as direct observation of the oscillation pattern (“waves”). In the first
method the number of the observed antineutrino inside a fiducial volume has to be compared with
the expected one and a deviation or deficit from 1/r% behavior can be interpreted as an oscillation in
the sterile neutrino. In this case the sensitivity to the sterile neutrino mostly depends on the source
activity accuracy, on the beta spectrum knowledge and on the fiducial volume estimation accuracy

(see section 6). On the other hands there is the possibility that the waves might be directly observed

2

2 and sin®(26,,,,) could be extracted

in the L/E scale [26] and that the oscillation parameters Am
independently, giving a clear confirmation of the sterile neutrino hypotesis. In this latter case the
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sensitivity to the wave detection is mainly related to the vertex reconstruction accuracy and to the
detector energy resolution.

5. The calorimetric measurements

Since the disappearance technique is based on the knowledge of the '**Ce activity, a precise
measurement will be performed just before the source insertion under the Borexino tunnel by means
of two high precision calorimeters appositely developed and calibrated by the CEA and the INFN-
TUM group within the SOX collaboration. Both the apparatus are conceived to extract the activity
by measuring the power released in the shield and absorbed by a water flow and differently from
the CEA calorimeter, where the water is in contact with the tungsten alloy shield, in the INFN-
TUM calorimeter the water flows inside a pipe brazed on a copper heat exchanger, in contact with
the tungsten alloy shield. In both the systems, if the heat losses can be neglected, the power P is
achieved by measuring with high accuracy the mass flow sz and the temperatures 7, and T;, of the
water outgoing and entering in the system, according to the relation:

P =i [h(Tous, p) = h(Tin, p)] (5.1)

where h(T, p) is the enthalpy of the water, which depends on the temperature and the average pres-
sure inside the water line. Since the enthalpy function is tabulated by the International Association
for the Properties of Water and Steam [27] and since the dependency on the pressure is really low,
the pressure measurement can be performed at few percent level without any relevant influence on
the final measured power. In both the apparatus the heat losses are minimized by using suspension
system for reducing conduction, a shield of multilayer superinsulator materials to limit the radiative
losses and a vacuum vessel working at a pressure less than 10~# mbar to prevent any convection
effect. Since the final accuracy can be affected not only by the statistical uncertainty given by the
massflow and temperature measurements accuracy, but mainly by the systematic uncertainties due
to the heat losses, many calibrations measurements have been planned before the source arrival, by
using electrical heaters in a copper cylinder (as a mockup source), placed inside the tungsten alloy
shield. The construction of both the calorimeters have been already completed and the calibrations
are almost finished.

Regarding the INFN-TUM calorimeter, the calibration results, performed by applying to the heaters
a constant and well known power, demonstrated that, under optimized conditions, the losses are
always less than 0.2% and compatible with zero since the final statistical uncertainties of 0.2%
resulted. In Figure 2 the measured power as a function of the time is shown, as acquired when a
decaying power with the lifetime equal to the Cerium lifetime was set to the electrical heater. After
an initial phase of around 2 days, necessary to the system to thermalize (that is present also when
the power is set constant), the calorimetric measured value becomes close to the set value and after
about 3 days its behavior follows the exponential function of the set power with the same time
constant. In fact after the thermalization phase, the difference between the set and the measured
power is found to be almost constant during the time and dependent not only on the heat losses (that
would increase such difference), but mainly on the time necessary to the heat to be propagated from
the inner source to the external copper jacket (that on the contrary decreases the difference itself).
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Figure 2: The measured power (in red) and the power applied to the electrical heater (in black) are shown
as a function of the time. The yellow line corresponds to an exponential fuction with T = 7¢,. The green line
corresponds to the error band of 0.2% on the measured power.

However, since the Cerium lifetime is much bigger respect with this propagation time, the final dif-
ference between the set and the measured value after the 3 days of thermalization results inside the
statistical error of 0.2% (see Figure 2), confirmating that the expected calorimetric measurement
accuracy is about 0.2%.

6. SOX sensitivity

The projected sensitivity of the SOX experiment at the 95% C.L in the framework of a single
additional sterile neutrino (3+1 scenario), is shown on Figure 3. A 1.5 year of data taking was
considered and the bandwidth is related to a the maximum 150 kCi and minimum 100 kCi value of
the source activity. The assumed precision on the calorimetric measurement was 1.5%, that is a very
conservative number in comparison with the last calibration results obtained by the INFN-TUM
calorimeter, while for the knowledge of the beta spectrum shape a value of 3% was considered. In
the plot the contribution of the rate analysis and the shape analysis on the final sensitivity are shown
and the evidenced region can be compared with the best fit region as resulted from the combined
analysis of the antineutrino disappearance channel anomalies [13]. A wide area of the best fit
region at 99% C.L. is covered by the SOX sensitivity and thanks to the rate analysis the region is
further enlarged.

7. Conclusions

The SOX project, here described, is a promising experiment for clarify the sterile neutrino
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Figure 3: Sensitivity at the 95% C.L. of the SOX experiment in the framework of a single additional sterile
neutrino

puzzle in the Am? ~ 0.1 — 1eV? range. A very intense artificial '4*Ce —!#* Pr source is now in pro-
duction and the calorimetric apparatus for the precise activity measurements have been calibrated
and are ready for the final measurement, foreseen in May 2018. The SOX experiment is now close
to the data taking and the first physics results are expected in late 2018 or 2019.
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