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We report an early result from the ICARUS experitnam the search for g—v. signal due to
the LSND anomaly. The search was performed withl@%&RUS T600 detector located at the
Gran Sasso Laboratory, receiving CNGS neutrinos1 f@ERN at an average energy of about
20 GeV, at a distance to source of about 730 knthAt/E, = 36.5 m/MeV of the ICARUS
experiment the LSND anomaly would manifest as aressx ofv, events, characterized by a fast
energy oscillation averaging approximately to?@ir27Anm? ., L/E,) ~ 1/2 with probability
Poyve = 1/25ir12(20new). The present analysis is based on 1091 neutkiaotg, which are about
50% of the ICARUS data collected in 2010-2011. Telear v, events have been found,
compared with the expectation a720.6 events from conventional sources. Within the eanfy
observations, this result is compatible with theeatze of a LSND anomaly. At 90% and 99%
confidence levels the limits of 3.4 and 7.3 eventsresponding to oscillation probabilities
(Pyue) < 5.4x10° and (P, ..e) < 1.1x107? are respectively set. The result strongly lintite
window of operoptions for the LSND anomaly to a region aroundw, sir’(26))new = (0.5€\?,
0.005), where there is an overall agreement at 90%&iveen the present ICARUS limit, the
published limits of KARMEN and the published positisignals of LSND and MiniBooNE
Collaborations.
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1. Introduction

Neutrino oscillations have so far established asisbent picture, with the mixing of three
neutrino flavourss, v, andv, and mass eigenstatesv, andvs;. However, the possible presence
of neutrino oscillations into sterile states hasrbproposed by B. Pontecorvo [1]. Such “sterile”
states may not see fully the ordinary electro-wé@akractions but still introduce mixing
oscillations with ordinary neutrinos. An experimantsearch for an anomalous anti-
production at short distances has been performeth&yLSND experiment [2] at the Los
Alamos 800 MeV proton accelerator, which reportacaaomalous excess of angifrom anti-
v, originated by muons from pions at rest Wilh) ~ 30 MeV andL = 30 m. The LSND signal
Pantiap—antive = (2.6410.6710.45)><1ﬁ corresponds to a rate of 87.9£22.4+6.0 events;iwisi a
3.80 effect atL/E, ~ 0.5-1.0 m/MeV.

A recent result from MiniBooNE [3], performed witleutrinos from the 8 GeV FNAL-
Booster in a similat/E, range has confirmed in both the neutrino and antiino channels a
combined 3.8& LSND-like oscillation signal. With the formula

)Sin{ 127ArEnV§sz/(|2\\//2))L(m)j

these results correspond to a new signal withiride wntervalAmfrew =~ 0.01 to 1.0 e¥and a
corresponding associated value of@@6..).

In addition, an apparemt or anti+v, disappearance anomaly has been detected from nearb
nuclear reactors [4] and from Mega-Curie k-captakbration sources [5,6]. Also these effects
seem to occur for anf,e,, much higher than the experimentally measured émethe three
neutrino oscillation scenario, in the order of magfe of the LSND anomaly. These anomalies
may indeed represent an unified approach, in whieh or moreAnt,., may have a common
origin, with the values of sf(R0..) for different channels reflecting the so far unkmow
structure of théJ;, matrix, withj, k representing the number of ordinary and sterildrires.

With the help of a novel development of a large sn&Sargamelle class” LAr-TPC
imaging detector, the ICARUS experiment [7] at tBean Sasso underground laboratory
(LNGS) is hereby visually searching for the sigmatof such a signal due to a LSND-like
anomaly in the CERN to Gran Sasso neutrino beanG&N

P, = sin?(26,,,

(1)

2. The experimental setup

The CNGS facility [8] provides a neutrino beam cosgd mainly ofv, peaked in the
range 10< Ev < 30 GeV. The CERN-SPS 400 GeV proton beam with a@sL0° protons on
target (pot) per spill is sent to a segmented catboget followed by a magnetic horn and a
reflector, focusing charged secondary mesons intb km long decay tunnel. Produced
neutrinos are pointing down with a 52 mrad slopgata the Gran Sasso laboratory (LNGS)
located at a distance of 732 km.

According to detailed Monte Carlo (MC) calculationisthe neutrino beam, about 2850
charged current (CC) events/kt/year are expected\N&S for a nominal beam intensity of
4.5x10° potlyear with a spectral contamination from antdf about 2% and an electron
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component of about 1%. The neutrino flux and speexpectations are obtained with a
simulation of the beam line elements based on LKA MC code [9, 10]. Conservatively, a
10% systematics, introduced by the hadron produatiodel in the computed fluxes, can be
assessed when averaging over the angular accembabeut 30 mrad of the beam optics.

According to the full neutrino beam calculation%®f v, are coming from decays of
pion produced at the target, the rest is due tm&d6%) and tertiary decays (19%).s are
originated by pions through the subsequent muoaydé&7%) as well as by kaons (43%), the
remaining 20% is due to tertiary decays. Therefdue to correlations between thgand v,
common origins, significant cancellations occurtlie systematics of the. / v, ratio. The
resulting integral error on the& / v, ratio is estimated to be better than 7%.

The ICARUS experiment is operatedldE, ~ 36.5 m/MeV, a value much larger than the
one of the experiments where anomalies appearetheliirst approximation, a hypothetical
Vv, — Ve LSND anomaly will produce very fast oscillatiors @ function of the neutrino energy
E,, averaging to sfifl.27Am e lL/E,) = 1/2 and(Py, .ve) = 1/2Sif(20e). This signal will have
to be compared with the small, but significant,kgsrounds due to other and more conventional
neutrino sources.

The LAr-TPC detector developed by the ICARUS grftipoffers a completely uniform
imaging with high accuracy of massive LAr volumé&ke new method, proposed by C. Rubbia
[11] observes the true image of the track with ezugacy of the order of few nirextending to
a liquid the TPC already described for a gas byC@arpak et al. [12]. The passage of the
capability of several meters of free electron drifim a gas to a liquid is not straightforward. A
three orders of magnitude larger purity is necgssath equivalent Oxygen contents of the
order of a few tens of ppt (parts per trillion)nipation electrons can be transported in high
purity LAr, preserving practically undistorted pele tracks, by a uniform electric field over
macroscopic distances (meters). Imaging is provized set of wires placed at the end of the
drift path continuously recording the signals inelddy the drifting electrons. Non-destructive
read-out of ionization electrons by charge inductalows detecting the entire signal of
electrons crossing subsequent wire planes witherdifft orientations. This provides
simultaneously several projective views of the saewent, that allows for space point
reconstruction and precise calorimetric measurenidm prompt scintillation light, produced
along with the ionization by any charged particl®ssing LAr, is detected by a set of
photomultipliers (PMT’s) and used to trigger phgdievents of interest. These are important
differences with respect to the previously reportdervations of LSND and MiniBooNE
which were based on the observation of Cherenkwsrrecorded with PMTs at the surface of
the detector volume and mostly limited to quasstta events and with a less easy
discrimination between gamma rays and electrons.

3. Data selection and analysis

A few CNGS v interactions per day with primary vertex in theuitial volume are
recorded, as expected. Events are triggered by Bigial inside the SPS proton extraction
gate, with application of automatic filter for emmvents rejection, based on charge deposition.
Fiducial volume cuts include 5 cm from each sidéhefLAr active volume, and 50 cm from the
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downstream wall. This initial cuts allow for showdentification, but are not enough for the
reconstruction of neutrino energies, nor for theCC vs NC discrimination. Events with a
deposited energy above 30 GeV are rejected, inr aodeptimize the signal over background
ratio.

Muon neutrino CC events are identified with theuiegment of a track exiting the primary
vertex and travelling at least 250 cm in the deteetithout secondary interactions except
electromagnetic activity.

Since the reliable estimation of efficiency of events selection is essential in the
presented analysis, the overall procedures ardutigrealidated on MC simulation, using a
sophisticated simulation package dedicated to@#eRIUS T600 detector. Neutrino events are
generated according to the expected spectra wittorom vertex position within the T600
sensitive volume. The adopted neutrino event géorejs3] includes quasi-elastic, resonant and
deep inelastic processes and is embedded in theanweaction model of FLUKA. All reaction
products are transported in the T600 volume, wigtailed simulation of energy losses by
ionisation, delta ray production, electromagnetic &adronic interactions. lonisation charge
along the track is subject to the experimentallgesbbed recombination effects [14]. Energy
depositions are registered in grid structures tlearoduce the actual wire orientation and
spacing, with a fine granularity (0.2 mm) in theiftddirection. The resulting charge is
convoluted with the readout channel response, dmtuwire signal induction and electronics
response, and noise parameters extracted fronedhdata.

The agreement between the observed and predigedlsiis shown in Fig. 1a foilEtx
of muon tracks recorded in CC events. The agreemerihe average value is at the level of
2.5%. The distribution of Eldx for each track has been fitted with the convoluvd a Landau
function with a gaussian. The most probald#ds value agrees at 2% level with MC, and the
fitted gaussiars is about 10%, as expected for the hit charge bignaoise ratio. Similar
agreement is obtained for protons and pions [1i§]. Fb shows the raw energy distribution for
the observed,, CC interactions compared with the MC expectatjde$.
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Figure 1. a) Energy loss densityEex, for i tracks recorded in CC events; b) the raw energlyidution
for the observed, and antiv, CC interactions compared with the MC, the averaajeies of the energy
deposited in the detector is reproduced within 2a8#b its RMS within 10%.
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The identification ofy,— V. oscillated events has been performed as follows data
sample has been based on a total of 1091 obsemewino events, including 168 events
collected in 2010 (5.8x1® pot) and 923 events collected in 2011 (2.7%1t), with the
overall event number in agreement within 6%, whl MC expectation. To this sample, an
initial cuts on fiducial volume and energy deptsite been applied, as earlier described.

In order to estimate systematic errors inducedhlyinitial cut on the energy deposit, the
fraction of background and oscillated events hanhevaluated on MC samples of 104 events
for each neutrino flavor. Since the cut concerrlg ©6% of the events it introduces a negligible
systematic error on the signal and background d¢apen, except the/, beam component
whose energy spectrum extends to higher energiesh®basis of the comparisons shown in
Fig. 1, a conservative 10% systematic error has hesumed on the effect of the energy cut on
the beanmv, background, that is to be added to the error erptkdiction of the /v, ratio.

The presence of an electron emitted in the primautrino interaction vertex is indicated
with the ionization density of the initial part dfie candidate electron track, before the
electromagnetic showering has occurred. This infdion, examined wire by wire, is used to
discriminatey-conversion induced, double ionizing), € pairs. The 14 cm radiation length of
LAr corresponds to about 45 readout wires in aeclimsbeam direction. The rejection factor
based on ionisation increases with increasing pheteergies, while the electron identification
efficiency is almost constant. The possible phatosidentification is due Compton scattering
of photons, however its cross section becomes giblgli with respect to the pair production
above a few hundreds of MeV. Monte Carlo studieicate a residual contamination of about
0.18 % for the energy spectrum of photons from glenays in CNGS events, rising to a few
per cent in the sub-GeV energy region. The lossfiitiency for electron showers is 10%.
Results from an ongoing study on low energy shovrers isolated secondanf’s in the T600
CNGS data confirm the good agreement between dafasanulations, including the low
ionisation tail of events related to Compton intdians.

In the present analysis, the electron signaturdoban defined as follows:

(a) vertex of the event inside the fiducial volume;

(b) visible event energy smaller than 30 GeV, imeorto reduce the beam

background;
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(c) the presence of a charged track starting dyréwm the vertex, fully consistent over
at least 8 wires with a minimum ionising relatiesparticle, i.e. the averagdekix
lower than 3.1MeV/cm after removal of visible delégs, and subsequently building
up into a shower;

(d) visible spatial separation from other ionisitigicks within 150 mrad in the
immediate vicinity of the vertex in at least onetlo¢ two transverse views (£60°),
except for short proton like recoils due to nucieaeractions.

In order to determine the electron signature sielectfficiencys, V. events have been
generated with MC according to thee CC spectrum. An example of simulated event is show
in Fig. 2. Out of an initial sample of 17—V, MC events, 146 events have a visible energy
smaller than 30 GeV, 122 of which satisfy the fidugolume cuts (a). These events have been
visually and independently scanned by three pewpldifferent locations. An agreement has
been found with differences in less than 3% ofgample. The average number of positively
identified electron-like neutrino events is 90, responding to a selection efficiency
n = 0.74£0.05. The systematic error pinduced by the Bdx cut is bound to be smaller than
1% from the already discussed agreement to bétter 2.5% between the measured and the
predicted scale of thefx for muons inv, CC (see Fig. 1a).

A scan of 800 simulated NC events has shown noepoesof apparent,— V. events,
consistent for our sample with an estimated uppmit lof 0.3 events (including possibly
misidentified v, CC events). Moreover, an independent estimatioth@fbackground rejection
efficiency has been performed on a much larger M@@e with a fast simulation and
reconstruction algorithm. All CNGS beam originaldaoscillated neutrino flavors have been
taken into account. Automatic cuts mimicking théadeuts have been applied to the simulated
events. After the fiducial and deposited energg ¢Gtl in Table 1), background neutral current
and charged current events have been retainedlextrtm” candidates if no muon-like track
could be identified, and at least one energetidg@hgat least 100 MeV) pointing to the primary
vertex was present (C2).

Sel.cut | ,CC beam V.CCé; v, CC NC v, CC Ve CC signal
C1 0.47 0.92 0.93 0.89 0.89 0.81
Cc2 0.47 0.92 0.17 0.66 0.19 0.81
C3 0.33 0.79 0.14 0.10 0.03 0.66
C4 0.30 0.71 0.13 0.0002 0.00005 0.60

Table 1. Fraction of MC events surviving the automatic setgc cuts: C1l:Eg, < 30 GeV; C2: no
identified muon, at least one shower; C3: one shomith initial point (conversion point in case of a
photon) at a distance smaller than 1 cm from ithieteraction vertex, separated from other tracks; C
single ionisation in the first 8 samples. All eveategories are reduced to 0.93 after the cutdurcial
volume. The signal selection efficiency (after fitkicial and energy cuts) results to h6/0.81 = Q74.

The requirements for the shower isolation and fooraversion distance smaller than 1 cm
were then applied (C3). Finally, the discriminatimased on the specific ionization was applied
as an average factor (C4). The effect of the variouts is summarized in Table 1.With this
method, that is not fully equivalent to the visuadan, the estimated background from
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misidentified NC and/, CC events amounts to 0.09 events, and the sinu&dfeiency onv,
CC events (after the fiducial and energy cuts)asnfl to be 74% in agreement with the
scanning method. The contribution from a 2.5% uiai®ly on the &/dx scale would modify
this background estimate by less than 10%. The atagenumber ofv, events due to
conventional sources in the energy range and fidlwolumes defined in (a) and (b) are:

— 3.0+0.4v, events due to the estimated beam contamination;

— 1.3+0.31, events due to th& oscillations with sif(f15) = 0.0242+0.0026 [17];

— 0.7+0.05v; with z—e from the three neutrino mixing standard model jotémhs [18],

giving a total of 5.0+0.6 expected events, where timcertainty on the NC and CC
contaminations has been included. The expectebleibackground is then 3.7+0.6 events (syst.
error only), after that the selection efficiencguetion has been applied. Given the smallness of
the number of electron like signal expected in abseof LSND anomaly, the estimated
systematic uncertainty on the predicted number lgarly negligible w.r.t. its statistical
fluctuation.
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Figure 3. The two observed events (a) and (b) with elecsmmature; (c): the actuaE/dx along
individual wires of the electron shower shown i {(dore detailed event description in the text.

In the recorded sample, two events in which.aignature have been identified, to be
compared with the expectation of 3.7 events foveational sources. The event in Fig. 3a has a
total energy of 11.5+2.0 GeV and an electron of1184GeV taking into account a partially
missing component of the electromagnetic showee. d¥ent in Fig. 3b has 17 GeV of visible
energy and an electron of 7.5+0.3 GeV. In both tve¢he single electron shower in the
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transverse plane is opposite to the remaining ef ¢lrent, with the electron transverse
momentum of 1.8+0.4 GeV/c and 1.3+0.18 GeV/c, retpaly.

Fig. 3c shows the actualEftix along individual wires of the single ionising dlen
developing into shower shown in Fig. 3a, in theilord>4.5 cm from primary vertex), where
the track is well separated from other tracks agmitty ionising nuclear prongs. As a reference,
dE/dx distribution for single and double minimum iongitracks, are also displayed.

4. Reaults

Within the range of our observations, the resutfospatible with the absence of a LSND
anomaly. At statistical confidence levels of 90% &% and taking into account the detection
efficiency, the limits due to the LSND anomaly aespectively 3.4 and 7.1 events. According
to the above described experimental sample and niimaber of recorded events, the
corresponding limits on the oscillation probabilitye (P, _..c) = 5.4x10° and (Pyuve) =
1.1x10% respectively. The exclusion area of the ICARU®egiment is shown in Fig. 4 in
terms of the two-dimensional plot of §ﬂ29new) and Anfye. In most of the area covered by
ICARUS and allowed by LSND and MiniBooNE, the oktibn averages approximately to a
half of its highest value, sifl.27Anf e, /E,) ~ 1/2. For lower values ohnty,, the longer
baseline strongly enhances the oscillation prolgbilith respect to the one of the short
baseline experiments. In ICARUS, considering fatance with An?, sirf(20))new = (0.11e\,
0.10), as many as 30 anomalays» V. events should have been observed Wjth 30GeV.

The oscillation probabilities from LSND are in thdE, < 1 m/MeV region. The
MiniBooNE result has extended the data to valueth@ regionL/E, > 1 m/MeV (Fig. 5),
corresponding to a signal peak at smaller valuds.ofhe actual origin of the excess may need
further clarification, as pointed out by the Mini®dE Collaboration. In the low mass peak
region the dominant signal is dueupmisidentified background adding to the observe&DN
signal. As already mentioned, the present expetiregplores much larger values ofg,, but
the ICARUS results exclude also a substantial isacof the An, sirf(26))new MiniBooNE
curves shown in Fig. 5, in particular the ones liedbédrom 1 to 5. A detailed comparison among
the various results on different oscillation pheeom, between different pairs of neutrino
flavours, each having specific mixing angles amaf is shown in Fig. 6 [18]. Even if
disappearance and appearance results should nefeneed to a single effectiviandAnt, the
plot allows situating the residual “LSND anomalyi the framework of the present neutrino
oscillation results. While foAn?..,>> 1e\ there is already disagreement between the allowed
regions from the published experiments, fort.e, < 1e\P the ICARUS result now allows to
define a much narrower region centered around’( Sirf(20))new = (0.5 €V, 0.005) in which
there is 90% CL agreement between (1) the pre€ARUS limit, (2) the limits of KARMEN
and (3) the positive signals of LSND and MiniBoobiilaborations.
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