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Introduction

* Three years (May 2010 - June 2013) of continuous
underground operation of the ICARUS detector in
Hall B of the LNGS lab. resulted in plenty of high
quality data, both from LNGS beam and cosmics.

« Such a long period allowed for detailed studies of all
technical aspects of the detection technique,... and

« Development of advanced reconstruction algorithms.

June 27th: Detector decommissioning
July 25th: cryostat empty

740 ton (out of 760 tons) recovered
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In this talk

« ICARUS LAr TPC - detector performance

* Results: search for the LSND/MiniBooNE anomaly,
i.e. search for the oscillations v, — v, with LNGS
beam

e Conclusions
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The ICARUS T600: the first LARGE LAr TPC

LAr acts as target and detector
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Anode

Two identical modules 4 wire chambers:

3.6 x3.9x19.6 7275 m3 each

o , 2 chambers per module
Liquid Ar active mass: # 476 t

3 readout wire planes per chamber, wires at O,

Drift length = 1.5 m (1 ms) +60°
HV=-75kV E=05kV/cm ~ 54000 wires, 3 mm pitch, 3 mm plane spacing
v-drift = 1.55 mm/ps 20+54 PMTs , 8" g, for scintillation light:

VUV sensitive (128nm) with wave shifter (TPB)
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The ICARUS detector in underground Hall B of LNGS
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CNGS RUN (Oct 15t 2010 Dec 3rd 2012)
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ICARUS LAr-TPC performance

Total energy reconstr. from charge integration

= Full sampling, homogeneous calorimeter with " et
excellent accuracy for contained events 0
. . >
Tracking d.ewce 8 v,CC energy
= Precise 3D topology and accurate ionization § deposit

= Muon momentum via multiple scattering
Measurement of local energy deposition dE/dx

= e/y remarkable separation (0.02 X, samples) |; g

= Particle identification by dE/dx vs range ° £ (Gev)

10/ |

REAL DATA 2011 (correction for recombincation applied)

*  real data: pions, muons Muons from the CNGS beam
= real data: protons (elastic+inelastic) ’
Bethe Bloch curve: proton
Bethe Bloch curve: pion

Bethe Bloch curve: muon 08

Low energy electrons:

o(E)/E = 11%/J E(MeV)+2%
Electromagn. showers:
o(E)/E = 3%/J E(GeV) i
Hadron showers: s
o(E)/E = 30%/J E(GeV) ;

0.9

MC: n=222320; u=2.375; 0=1.366
real data: n=98184; pu=2.319; 0=1.314;

0.7

0.6

dE/dx distribution
for real and MC
muon tracks from
CNGS events

0.5

0.4

dE/dx [MeV/cm)]

T 03
- . residual range [cm]
LR ’ 0.2

0.1
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ICARUS: published physics results

- Search for superluminal neutrinos (not in this talk):
1. Cherenkov-like emission of e*e- pair: PL B711 (2012) 270

2. Mesurement of neutrino tof: PL B713 (2012) 17
3. Precison measurement of v tof: JHEP 11 (2012) 049

- Search for ,LSND" anomaly (this talk):

1. Limited statistics result: Eur. Phys. J. C73 (2013) 2345
2. Improved statistics result: arXiv:1307.4699
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« The LSND has observed an access of
anti-v, nuetrino events in anti-v, beam:
87.9 £ 22.4 + 6.0 (3.80)
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MiniBooNE (PRL 110 (2013) 161801)

Event excess for 200 < EQE < 1250 MeV
antineutrino: 78.4 + 28.5 (2.8 o)
net trjno:, + 478 (3.4 ¢

ribution, o 61%\e excess IS mﬂggl

with a simple two neutrino oscillation

* LSND anomalous production signal
has been later partly confirmed

'aff;”clbn?xft’.’ﬁfg Y
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ICARUS search for LSND anomaly
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ICARUS: L=730km, E, e [10,30] GeV,
almost pure v, beam (v,*1%)
L/E # 36.5 m/MeV, i.e. fast
oscillations as a function of E,
averaging to
sin?(1.27Am2L/E) » 3
<|:>>vu > vez % Sinz(zenew)

Oscillation probability %

o
o
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A sterile neutrino signal would appear
for ICARUS as an access of v, events.

0.001 ‘ —
10 100

£ 'LE (m/MeV)

BNokml———

v, CC event recognition becomes crucial, and possible due to
unique Liquid Argon feature and our reconstruction algorithms.
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ICARUS: e/y separation and 1° reconstruction

E, =102 +

10 MeV

7° reconstruction:
p,t0 =912 £ 26 MeV/c

o =127 =£ 19 MeV/f?
9 280 G 2

-----
-----
.
-------
e,
Taugy
LX)
~

« MC: single electrons (Compton)

* MC: e* e pairs (y conversions)

* data: EM cascades (from =° decays)

- 25 MeV

E, =685+

- data
14 __ MC pair product
L 1200 —
n ’- ..... MEcompten ®  MC pair production
2 [-orn23 Mepir produc -
C B m MCcompton
1000 .
I 1 n. l.p. MC pair production
Entries 4805
. 800 — " Mean 5.054
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ICARUS: v, signal selection

 Visual selection of v, event candidates in the following fiducial volume
for shower id: > 5 cm from walls and 50 cm downstream.

« Energy cut: < 30 GeV (#50% reduction on v, beam, but only 15%

reduction of signal events.
Selections for v, during visual scan:

Single m.i.p. from vertex, al least 8 wires long (dE/dx < 3.1 MeV/cm,
excluding 6-rays), later developing into EM shower.

Minimum spatial separation (150 mrad) from other tracks coming from
vertex, at least in one of 2 transverse views.

- visibility cuts: (3 independent scanners), leading to 0.74 *+ 0.05

efficiency;
* no v,-like events selected among
NC simulated sample of 800 events.
* v, CC events identified by L > 2.5 m
primary track without hadronic
interaction

Natal WIN September 2013

A rj

\ e.m. showas

";' \ ) ' ’t’)‘wydup "

P

6.6 cm (20 wires)
' ingleI mip track

Ve & ,Eneutrino
]

incoming

80 cm

o'

E, =11 GeV
; p, = 1.0 GeV/c
- '1' !

100 cm Shkde: 13

A



Data sample and event rates

First result based on the analysis of 1091 v events (3.3 x 101°
pot, 2010-2011 data, half the total statistic) published in Eur.
Phys. J. C73 (2013).

Analysis presented here refers to 1995 v events (6.0 x 101° pot)

Expected number of v, events:
® 5.7 = 0.8, due to the intrinsic v, beam contamination,

® 2.3 = 0.5, due to 0,5 oscillations, sin?(8,3) = 0.0242 =+
0.0026,

® 1.3 £ 0.1, from v,— v, oscillations with subsequent electron
production, (3v mixing).

Total: 9.3 = 0.9 expected events.
Expected events, weighting for efficiency: 6.4 += 0.9 events.
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Example: 2 (out of 4) v, CC events observed in 1995 events

a E,.=75+03GeV
' " . p,=1.3x0.18 GeV/c
_e.m. shower

\ : e.m. shower 10.5 cm buildup
AR | ' 'P“wlidup.. 4 s:nglg mip track
. - l s ?\mm

] !
: incoming
v <=
| neutrino

BesAwrrvy,

18.9 cm (54 wires)
single mip track

<_ﬁtrino
Incoming

37cm

80 cm

| E,=10+78Gev *
p,=J8+04GeV/c

\ 4 j
- n < 50 cm >
o _ >10MeViem—» A Single wire signal .
9— o~ g
2 L
8— s 8

: IR . Hl{ K :g (a) vis E;,; = 115 = 1.8 GeV,
T p, = 1.8 + 0.4 GeV/c

(b) vis E;.; = 17 GeV,

e L. - | E
1 LW e~ g p, = 1.3 £0.18 GeV/c
1]d I 16 I 1 ErCI -I ?|2 I- E'id- I 2-6 I ?IB - 3]0 I SE - l'.‘.-ld - 3]6 I < L P 1I|:}

Wire number of track direction —» dN/dE (a.u) —

In all events: single electron shower in the transverse plane
clearly opposite to hadronic component

dE/dx (MeV/cm)
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Search for an LSND-like effect with ICARUS at LNGS

Am?*[eV?

Allowed LSND 90% | S N e - I .
—1L T S I e u
Allowed LSND 90% | 'V Ff"’ | = | All limits are at 90%CL

. . .. _ unless otherwise noted
MiniBoone limit 10

||CARUS |

KARMEN limit 3 "LSND anomaly®
—2 | surviving area 1
10 90% CL (this work) : exc!uded '
| | | region |
| | | - mm s mm s = ow
—4 -2 0 2
10 10 10 10
tan®(0)

ICARUS results strongly limit the allowed parameters values for LSND
anomaly indicating a narrow region (Am?, sin?20) = (0.5 eV?, 0.005)
where there is overall agreement (90% CL) among:

- the present ICARUS limit

» the limits of KARMEN

- the positive signals of LSND and MiniBooNE Collaborations
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ICARUS results on the LSND-anomaly search (double statistics)

Within the present observation, 107
our results is consistent with the
absence of the LSND anomaly.

10
Weighting for efficiency, our _
limits on the number of events >
due to LSND anomaly are: g 1
3.68 (90% CL) and S
8.34 (99% CL).

10

which give the limits on oscillation
probabilities:

P(v,—>v.) ¢ 3.4 x 10-3(90% CL):
P(v,—>V,) ¢ 7.6 x 10-3(99% CL). 10?
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ICARUS: antineutrino result

A small ~2% anti-neutrino event

contamination is present in the CNGS Antineutrino
beam — Sear'Ch for' Ve Gppeal"ance 102 —= |||||‘|| 1L ool ol LI
could be possible. - ;_g_: EJsnoo % cL E
: Pl []LSND99%CL -
Anti-v, CC event rate is (1.2 + - S S KARMENSO%CL | |
0.25) % of v, CC for E, < 30 GeV 10 = e _
(from simulations). - R
In the limiting case in which the ? 1 __/ﬂ ICARUS 90 % CL—{ |
whole effect is due to v, ,the E = -
absence of an anomalous signal gives | b
a limit of 4.2 events (90% CL.) 100 _ B
Corr_esponding To E MiniBooNE -
ZDP( v, V) > ¢0.32 - — %L h
Si:‘z(zenew < 0.64 102 — TTTT T T TTTT] %esﬁF’ijﬁ’iBom}‘E)| TTTIT
103 102 10 1

sin?(20)

Natal WIN September 2013 Slide: 18



Conclusions

® ICARUS is the first large TPC operated
underground.

® ICARUS has been acquiring data without
interruption for more than 3 years with both,
CNGS beam and cosmics.

® Efficient reconstruction algorithms for the tracks
allow to resolve most of the events collected, down
to their single components. Consequence of this is
for example the accurate analysis of v, events,
which allows for an investigation of sterile neutrino
oscillations and a check on previous results (LSND
anomaly).

® No evidence of oscillation into sterile neutrinos is
found in our measured L/E interval.
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