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1. Introduction

The successful saga of neutrino oscillation, culminatede 2015 Nobel Prize, paves the
way to a future, rich and diverse experimental program of precisiperiments tasked to
complete the determination of the elements of the PNMS oscillation matiniximprecedented
accuracy, and to unravel the yet wsumivered features of neutrino properties. Therefore, mass
hierarchy determination, octant @fs, violating 6c, phase and improved precision of the mass
mixing parameters (mixing angles as well as squared mass differences), are the core of tie
ambitious worldwide neutrino oscillation program shaped for the forthcoming tearlds. A
the same time the Dirac or Majorana nature of the neutrino mass term, tog#ther absolute
value, will be probed by a suite of dedicated experiments.

The elegant and suessful scheme of the thréavor oscillation paradigm, howevetioes
not excludedeviationsfrom the SSM, taking also into account that per se the non zase m
implied by the oscillation mechanism is already a (modest) detourtfrerBSM itselfin turn
pointing toanother source of massahew high energy scal@directly responsible for the tiny
neutrino masse@ossibly of Majorana nature), for exampléa seesaw mechanism

Moreover,scenariodeyond the standard modmintemplate the existence of the so called
non standard neutrino interactions (NSI), and, of immediate relevancehdompresent
discussion, of sterile right handed neutrinos, which may occur at va$tlsedif scales.

In particular, therés no a prioritheoreticaimotivationto find ahypothetical sterile state at
the eV scaldthis is the scale referred when talking of light sterile neutrini@ajher it is the
occurrence of few long standing anomalies at smallvidiieh may ke interpreted as mixing of
one or more sterile netrinsat the eV scalaith the known active states

In a short schematic listhese anomalies area) the long standing SND puzzle [1]
(anomalous excess of ati in an anti-v, beam), b) the cumulativeobservationf less than
expectedeventsin the reactorexperimentswith baselinefrom few m to 1 km (“reactor
anomaly”)[2], andc) the similar evidence of count rate deficit in th&r and®’Ar source tests
in the Galliumsolarv detectors (“Gallium anomalyTg].

The suggestive coincidentieattheseanomalies point to ~1 eV mass scale has boosted the
interest on light sterile neutrinosvhich is thus awell experimentally motivated aaeof
investigation.

In this context,the SOX project aims tolg@y acentralrole in clarifying the puzzling
experimental situation through a straightforward test based on a highitintexdioactive
source deployed close to the Borexino detector.

2. Shedding light on the sterile hypothesis with a source based test

A source experimertonceivedto test thdight sterile neutrinoscenariois characterized
by two mainrequirementsthe exploitation of a pure source of neutrinos or antineutrino in the
range 0.110 MeV andthe capabity to measure the interaction rate as a function of the distance
from the sourcdtself. Actually, both requirementscoud be fulfilled using as neutrino (or
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antineutrino) origin either areactorcore (antineutrinos only) or an on purpaselioactive
source (which could be chosen to emit neutrinos or antineutrinos).

In both cassthe fundamentatapabilityto reconstructhe interaction rate asifictionof
the distance can be accomplistemtordng two possible ptions a movable detector from a
few up to~20 m from the source, or the exploitation of a large deteeithher segmented or
equipped with the capability to reconstruct efficiently the neutrinodoti®n point.

The signature to interpret the result of the test is twofold, i.e.ahketibn ofthe expected
count ratethe so called disappearance Jemtd the observation of thescillatory spatial pattern
(waves)in the profile of the detected eventdich would be induced by the actit@sterile
oscillation, arueunquestionable smoking gun, if observed.

As unavoidable, there are pros and cons implied byise®f a radioactive sourc&he
advantages are the small size (~one litred)l wuited for wavesdetection, thenegligible
background from the source itsedbtainable with adequate shding,the possibility to perform
the experiment deep undergroumnittually avoiding theu-induced backgroundhe option to
exploit alreadyexisting well known and well characterizegtectorgas Borexino), the known,
or, measurableneutrino (or antineutrino) spectrurandthe short distance that cée attained
from the detector (4 m in SK).

On the other handhe disadvantagese thatdatacan betaken for alimited time since the
usefulisotopeshave all limited lifetime, the neutrino flux cannot attain thateafctorqin case
of SOX the maximum activity is 150 kCi mainly limited the heat productignand moreover
there are difficultieso make the sourcéo get the authorizations, to perform thensportfrom
the poduction b the experimental site, and then to dspdt at the end of thexperiment.
Anyhow, despitethesediffi culties the advantagesoutperform thedisadvantagesespecially
thanks to the unambiguous interpretatidthe measuremeoutput,enabled also bthe limited
backgroundwhich can be achieved

It is worth to remind that theests mentioned in the plieus § which ag at root of the
origin of the Gallium anomalgpre already very successful examples of deployment of strong
radioactive sourcewithin neutrino detectors, in that case solar neatdetectorsSpecifically,
Sage and Galleadopted &'Cr (both) and &’Ar source (only Sageto verify and prove their
capability to measure precisely the artificial neutsirsiemming from the deployed source
assemblies

In the currenexperimentalbanoramaconcerning the light sterile neutrinaghile several
conceptual proposals have been shaped based on the exploitation of high intensisy salyce
SOX hasmatured and evolved to a concrete projéttwhich has reached an advanced phase
of realization

3. General characteristic of the SOX program

The core othe SOX (Short Oscillation with BoreXino) mamis thusthe deployment of
an intenseantineutrino source close to the Borexino detector to test the effect plitatve
oscillation ve—vs, which should originate in the liquid scintillator targpecular and
unmistakable spatial waves
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We shortly describe her¢hereforethe two main ingredients of the program, terse
and the Borexino detector.

3.1 The SOX anti-nu source

SOX will exploitin a first instance *4Ce-**4Pr antive sourcewith the posiility of a
further second phase based ¥@r. Frst proposed in5], such a source can be made by
extractingCe from exhausted nuclear fuel and by presdimg resultingCeQ powder within a
properly degined stainless steel capsufefew % of the powdr will consistof #‘Ce, being
few grams enougto provide the necessary activityg, the total amount o€eQ will be of the
order of 1 kg.

The capsulewill be then sealed according to international regulations for the use ancd
transportation of radioaee materials and inserted into a very thitungstencontainer
(minimum thickness 19 cm) to strongly attenuate all unwanaelbtiors (mainly y rays).
Stringent requirementare established otthe purity of the Ceg) to limit alsothe emission of
neutrors. The source will be manufactured by the PA Mayak company in Russia andedeliver
to Gran Sasso by means of a special container certified for the transpoufatigh activity
radioactive materialsThe shipmenfrom the manufacturing site in Ruagswill happen by train
to St. Petersburg, by ship to France, and then by truck from France to Gran Sasso.

The Cerium characterizedy a half lie of 85 days,decaysto Praseodymium which in
turn decayalmostimmediately (17 minutes) to Neodymium 144, emgtamtineutrinos up to
3 MeV. Ttus, the Praseodymium antieutrinos withenergybeyondthe IBD threshold of 1.8
MeV are detected in the liquid scintillator, originating the sigmdlese detection anahalysis
are the todto perform the SOX sterile invégation.

The sourcewill be precisely calibrated (at 1% level or bettbs) measuring with a
high accuracy thermal calorimeter the heat that it reikase to maximize the sensitivity
of thedisgppearance testnsteadin order toimprovethe oscillabry test the antineutrino
energy spedrum will be carefully characterizedwith dedicated experimentsBoth
characterization areery important the formerto be able to translatehe calorimetric
measurement into an uncertainty on the-aatitrino fluxabove detection threshgldnd
the latter tatake properly into account the spectral shape of the emittedheurtinoin the
wave analysis.

3.2 Borexino

Borexino[6] is a liquid scintillator detectgrwhich employs as active detection medium
almost300 tonsof pseudocumenbkased scintillator. The intrinsic high luminosity of the liquid
scintillation technology is the key toward the goal of Borexino, the meal dbservation of sub
MeV solar neutrinos throughe elastic scattering, being tHiBe component # man target at
the time of the design. However, the laclkdokctionality of the method makes it impossible to
distinguish neutrino scattered electrons from electdugsto natural radioactivityhus leading
to the other crucial requirement of the Borexino technology, e.g. an exireimetadioactive
contamination of the detection mediuim,a degree never reached before
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The active scintillating volume, Fig. 1, is observed by 2212 PMTs located on anl13.7
diameter sphere and is shielded from the external radiation by more than 2500 tons anhdvate
by 1000tonsof hydrocarbon equal to the main compound of the scintillator (pseudocumene), to
ensure zero buoyancy on the thin Nylbmer Vessel containing the scintillator itself. Of
paramount importanctr the success of the experiment are also the many purification and
handling systems, which were designed and installed to ensure the proper rtianiptilthe
fluids at the exceptionahdigourity demanded by Borexino.

Fig. 1 —Schematic view of éhBorexino detector

When data taking started in May 2007, it appeared immediately that the datastnof
the ultralow radiactivity was successfully obtad, representinger sea major technological
breakthrough, opening a new era in the field afaplire detectors for rare events seafdte
achieved ultrdow backgroundimplies that, once selected by software analysis the design
fiducial volume of 100 tons and upon removal of the muon and +#imgurced signals, the
recorded experimental spectrum is so clean to show spectacularly the strikiing ééahe’Be
scattering edge, i.e. the unambiguous signature of the occurrence of stilaorsiectior]7].
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Moreover, Borexino has also detected an unquestionable geoneutrino signal @.e. anti
neutrinosfrom the radioactivity inside the Earth), contributing to pave the way to @letan
new method to investigate the interior of our pldBgt

The experiment’'scharacteristics which made possible these accomplishments, essentially
the extremely high radiopurity, the stability of the detector and thegqiarhderstanding of its
response gained with a detailed MC contrasted with the results from a thoroightioal
campaignare such to make Borexirtbe perfectplaygroundfor an unambiguousourcebased
testaimed to investigate theeyond-standard-modpLltativesterile neutrino statd.his was the
consideration tat triggered the birth of the SOX programhe source will be conveniently
allocated in a tunnel realized during the construction stage of theiregpe just beneath the
Water Tank.

4. Sensitivity

SOX will be at the same time a standard neutrino disappearance experimeat and
innovative experiment for the direct detection of oscillati@ves.

As already stressedheutrino oscillations to ingsible components (e.gsterile neutrinos)
effectively modulatehe distribution of the events within the detection volume in athatcan
unambiguously proveher occurrence Fig. 2 taken from [9], shows the very specific
dependence of the event couaite upon thelistance from the source and upon the-astitrino
energy.Such a pattern may prove the existence of oscillatioise sterile partndseyond any
reasonable doubt.

144Ce

Non-oscillated "*Pr
anti-v_-spectrum

-

# neutrinos per (E,R) bin

Fig. 2 — The predictedount rate distribution in Borexinas a functia of the distance from the
anti-neutrino source and of thésible energy

In Fig. 3 the red and blue bands$how respectivelythe 95% C.L. exclusion contours
obtainedby means of thdisappearance test and of the wave analysis. The width of the bands is

6



SOX and light sterile neutrinos Gioacchino Ranucci

dictated by theninimum (100 kCi) and maximum (150 kCi) activity considered fergburce,
the real one is expected to lie in between.

The black band is the overall sensitivity plot, obtained combining the red and blue
contours. The calculation has bg@rformed assuming the uncertainty of 1.5 % on the source
intensity. and a data taking period of 1.5 ye&8ss.comparing the black band with the global
allowed region stemming from the joint analysis of all the anomali@s(¢rey and light grey
contours a more recent result is reported in [11]) it stems that SOX can teskaludiea very
largeportion of such a region, included the best fit poiitus, SOX will be a powerfyirobe
ableto shedsubstantialight to the current lighsterileneutrino uzzle.For more details see also
[4] and [13.
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Fig. 3 — The sensitivity of the SOX experiment compared to the allowed retgiomming from
the global analysis of all the experimental anomalies

5. Schedule and outlook

The delivery of the source at Gran Sasso is currenthgdere for January 2018 and data
taking will continue for 18 months, sbefirst physics results will arrive in late 2018 or 2019.

The SOX project includedso a neutrino program by meansaf'Cr source,similar to
that used in the 90s by theallex and SAGE collaborations. The enrich®@r metal is
available in Italy and a feasibility study is in progress to understand evhibigre is a viable
way to irradiate thenmateral and deliver to Gran Sao a 24 MCi source. This pardf the
project is currently not funded and will be considered after the completitheCe based test
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