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Neutrino related anomalies ?

® For several decades, many anomalies beyond an ordinary 3-flavour mixing picture have
been collected in the neutrino sector, suggesting some additional new related physics:

> anti—ve appearance: anti-vu accelerator LSND experiment where anti-ve ->e++n
with neutron captured by a proton, h + p into d +y.

17.5 ® Beam Excess

> ve disappearance: SAGE, GALLEX The LSND Anomaly
experiments with Mega-Curie — ~_ s yeysrowonvean o
sources with observed/predicted —
rate R = 0.84=+0.05; @Q —

> anti-ve disappearance of near-by g
nuclear reactor experiments and Vesth
rate R = 0.934+0.024. TTHEY. G

I

Beam Excess
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$25.0000 »,° ' Saw an excess of v, :
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i Tl L / 87.9 £22.4 + 6.0 events.
With an oscillation probability of

Signal: V, —e*n (0264 £ 0.067 = 0.045)%.
L& np— dy(2.2MeV) 3.8 o evidence for oscillation.

In addition: the recent observation of sterile neutrino oscillations
by NEUTRINO-4 experiment.
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Evidence for oscillations of sterile neutrinos at reactor

® In '18 Neutrino-4 experiment (A.P. Serebrov et al.)at Dimitrovgrad SM-3 reactor gave
evidence of v oscillations into sterile-vs showing a disappearance signal

with a clear L/Ev ~ 1-3 m/MeV modulation:

4 Observed, 24p, 500keV
isl . An|2=7.34e\’2. sin2(20) = 0.39
Reactor-on data (blue) compared as g l I
function of L/Ev with expectation for =t L ' '}M.L Al i&.‘} J;?L*-{'
. ( 1.0 3 / “ ®, . o
Anv, siré 26 values (red). = o L.L-lq * T
> | l 1
0.5 An|’=7.3-.k-\". sin’(20) = 0.39 l’z/m.l-‘_ 10.26/17 (.:..l-: .89
Neutrino event Background event 1.0 1.5 2.0 2.5
L/E_
P, “@ > Neutrino event signature: anti-ve + p -> e*+n followed
\\\' = | by delayed n capture by gadolinium in liquid scintillator.

‘@ . > Background: fast n emitted in interaction of high E
cosmic ps with matter around the detector,n+p ->p +n

® 3 years data taking until June ‘19, moving the segmented liquid scintillator detector
from 6.4 to 11.9 m distance from the reactor core in 24 steps:

720 (417) days reactor-On (-Off) -> On-Off: 223 events/day with S/B ~0.54.

> The square difference between the masses of electron and sterile neutrinos is
Amif = 7.25 =+ 1.09 el? with siré (2014) = 0.26 + 0.08 stat = 0.05.
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Sterile neutrinos as the origin of Dark Matter ?

® Neutrino-4 additional evidence in '22 suggesting sterile neutrinos as the candidate for
Dark Matter (DM) with a quite obvious dominant contribution due to the high density
of relic sterile-vs with mvs= 2.7 eV: sterile-v / ve

> 24% (+5,-3)% sterile-v contribution to the total
energy density of Universe (), compared with
the 26.4 % known estimate of so far unknown DM
-> an obvious reason for considering the existence
of this sterile neutrino as a possible DM source!

n(v n(v)

» Ordinary vs contribute to £),as sterile-v

m(vivpvs) /1eV-0.01 h-2, h: Hubble constant.

By the time all vs freeze out, sterile v density is
5.1 times v—e density => expected contribution
vy #(27eV. 1el) 001 h?-51=024

Energy (eV)

ime (s)

number and energTy of sterile vs (black)
versus ordinary vs as a function of time.

® Another obvious reason for considering sterile-v as DM candidate is the absence of
interaction between sterile-v and matter: the scattering of strongly/weakly interacting
particles on clusters of sterile-vs occurs only due to gravitational interaction.
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The sterile neutrino puzzle

® Several studies/experiments at reactors, accelerators have been performed to verify
these "neutrino anomalies” both in appearance and in disappearance channel, but without
conclusive results:

> A clear tension between appearance and disappearance experiments characterized by
different neutrino energy range and detection technique is evident.

. (anti- )vﬂ 2 v, Appearance (anti-)v, Disappearance
34 =y ) 95%,99% CL HH& ¢
10 ¢ - :
o All i
E. Y vedisapp lf
= < 100 — .
Nsv g All Reactors : Cis
' S ) ,
10" Foombined] G (arXiv.2106.05913)
— G > !
> 2 10— 35} SK+D
102 = . : . - Ll o
10°* 107 107 107" 1 1077 10°2 107!
Sin“20,, = 4|U a2 U sl \UuiP

v' Measuring both appearance/disappearance channels in the same experiment using
a detection technigue with an excellent neutrino identification/strong reduction
of possible background sources is mandatory to disentangle the physics scenario,

v’ Far to near detector neutrino spectra comparison is crucial for any accelerator

experiment for the control of backgrounds and beam/detector systematics.
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The remarkable evolution of v- experiments: the LAr-TPC

® Liquid Argon Imaging technology LAr-TPC, an “electronic bubble chamber” which allow

to identify unambiguously each ionizing track in complex v events, was proposed by
C. Rubbia [CERN-EP/77-08] as an alternative to Cherenkov detector.

® Many years long R&D at INFN/CERN culminated in first large-scale experiment
ICARUS-T600, 0.76 kt uITr'a pur'e LAr at 6ran Sasso INFN underground labs:

> 2 TPCs per module with central cathode,
1.5 m drift Ep= 0.5 kV/cm, Atprirr~1 ms;

> 3 readout wire planes per TPC, ~54000 wires
at 0, £ 609, 3 mm pitch, 0.4 us sampling time;

> PMTs +TPB wavelength-shifter coating for
detecting the scintillation light.

of |

o [ dE/e MeV/em) vs. residual

> Tracking device: 3D event topology with Ax ~ mm3

. . . d
> Full sampling homogeneous calorimeter: /;Zﬂgeefi,;”_vgz;,p Ll compare

E measurement by charge integration; escaping p
measured by MCS with Ap/p ~15% below 2.5 GeV;

> Measurement of local energy deposition dE/dx:
remarkable e/y separation, 0.02 X, sampling,
Xo=14 cm, a powerful PID by dE/dx vs range.

50 60 70 80 90 100
residual range [cm]
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ICARUS T600: a powerful detector for neutrino experiments

® TCARUS concluded in 2013 a successful 3 years long run exposed to CNGS beam and
cosmic rays with several physics/technical achievements:

> Demonstrating the unique LAr-TPC performance in ve interaction identification and
n° background rejection to unprecedented level;

> Performing a sensitive search for LSND-like anomaly through ve appearance in the
CNGS beam constraining LSND result to a narrow region EP] C (2013) 73:2599
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Short Baseline Neutrino (SBN) at FNAL BNB and NuMi beams:

a definitive answer to sterile neutrinos
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® TCARUS and SBND LAr-TPC's installed at 600 m and 110 m from 5

the Booster target are searching for sterile-v oscillations both
in appearance and disappearance channels.

® Furthermore, high-statistics v-Ar cross-sections measurements
and event identification/reconstruction studies in view of DUNE:

> Millions events/y in SBND <1 GeV from Booster
» Hundred ’rhousands events/y in ICARUS >1 GeV from NUMI
at 700 m, 60 of f-axis from target.
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SBN Program: sterile neutrino sensitivity, 3 years (6.6 x102° pot)

® Combined analysis of events collected far from ICARUS and near by SBND using the
same LAr-TPC event imaging technology greatly reduces the expected systematics:

> High ve identification capability of LAr-TPC's rejecting NC event background;
> "Initial" BNB beam composition and spectrum provided by SBND detector.
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() 1=
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: (1) S. Gariazzo et al., arXiv:1703.00860 [hep-ph]
| (2) M. Dentler et al., arXiv:1803.10661 [hep-ph]
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Probing the parameter area relevant
to reactor and gallium anomalies.

Unigue capability to study appearance and disappearance channels simultaneously
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ICARUS search for Neutrino-4 claims at FNAL

® ICARUS at FNAL presents remarkable similarities to NEUTRINO-4 which should allow
to settle the NEUTRINO-4 sterile-v claims in the initial ICARUS-only run:

> Oscillations produce disappearance pattern of vy in BNB and of ve in NUMI in the
same L/E ~ 1-3 m/MeV but with events collected with ~100 times the energy:;

> L/Ev effect is mostly related to variation of Ev with L ~constant and large for both
BNB and NuMTI, where ve are mostly produced by kaons decaying close to target.

> ICARUS focus on the well defined QE CC vy ve interactions fully contained in the LAr:
Am?,,=7.25 eV?, sin*20,,=0.26

1.4

14¢ -
‘_E 13E * Prediction for Neutrino-4 best fit (black) at BNB E . aE. * Prediction for Neutrino-4 best fit (blue) at NuM|
g 1'25_ « Expected measured vy oscillation pattern % 1_25_ . Exp.ec’fed measured ve oscillation pattern with
I 1 - with statistical errors (red) 3 - statistical errors (red)
L= = e, o ) = 1 o ,
Fa R | R
@ 0.9 . . . A . . . . o 09f / . / , _
2 T + 5 F 3 Tt Z s + 't #* ++ + . e
o> LR =1 SH\ +
0.7; 0.7
0.6 0.6}
0.5F- 0.5
0‘4: 1 1 1 | 1 1 1 1 1 1 04: 1 1 1 1 1 1 1 1 1 Jl J
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
L/E(m/MeV) L/E(m/MeV)
vu survival oscillation probability at Booster: ve survival oscillation probability at NuMI:
~8500 QE events with >50 cm contained u track, ~ 5200 QE events with contained E.M. shower,

~ 3 months data taking, ~7 x 10%° pot, AE/E ~ 3 %. 1 year data taking, ~6 x 10%° pot.
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ICARUS physics searches with NuMI beam

Further exploitation of the NuMI Off-Axis beam (6° from ICARUS):
> High statistics precision measurements of v-Ar cross sections (~10° ve events/year)
and tests of interaction models in the few hundred MeV to few GeV energy range, of
use fo SBN oscillation studies and DUNE.
> Develop a rich Beyond Standard Model search program: Higgs portal scalar,
v tridents, light dark matter, heavy neutral leptons ...
Oscillation probability at DUNE v, from NuMI at ICARUS v, from NuMI at ICARUS
"‘0.3 | IPr'eIinlﬂna'ryl — -‘] .7 Jatior N «10°
0.14- Neutrinos Sep = -2 L v,CC,L 250cm ] g 3 — e
1285 km E - B .7 ccoE (39%) E _|_L ce (“’*le)
0.12f Normal Ordering ce - B ccresow] 25t —NC (v,+7,)

-
w
T I UL

B .7 ccois(18%)
v,+7, CC MEC (9%) |

—
o
T I | ) Fope

= 16— ]

v, CC Interactions / 6x10°° POT

0— 0 = b
2 3 4 5678 0 1 2 3 4 0 4 . 5 s 6
Neutrino Energy (GeV) E, [GeV] Neutrino Energy(GeV)
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ICARUS T600 detector: from Gran Sasso to Fermilab

2 identical moadules: 476 t total active mass
B PRELARL T

2 TPCs per modules Anode wire planes

| ,!‘rj r ,
|

1.5 m drift distance

ICARUS was moved to FNAL after an overhauling phase at CERN and INFN Labs:
® 2 TPCs/module, common central cathode: Ep.is+=500 V/cm, vprici~1.6 mm/us;

® Tonization charge on 3 wire planes per TPC, # 54000 wires at 0°, +60° w.r.t. horizontal,
3 mm pitch (Induction-1, Induction-2 and Collection), is continuously read with a new
electronics, 0.4 us sampling time;

® 360 8" PMT's, coated with TPB wavelength shifter are installed behind the wire planes
to detect the UV scintillation light in LAr for to, event timing and triggering purposes:;

<
Central semitransparent cathode

® The detector is protected from cosmics by scintillators counters and passive overburden.
Slide# : 13



Cryogenics and free-electron lifetime

® Argon is continuously recirculated and purified by a new cryogenic system in both
liquid/gas phases by copper-based filters with molecular sieves for water absorption.

® The LAr purity is monitored by measuring the dE/dx
sighal attenuation along the drift direction for anode
to cathode crossing cosmic p tracks:

> Free-electron lifetime: t ~ 4.5 ms in East Cyostat,
~3 ms in West, allowing a good track detection,
even if © lower than at 6. Sasso ICARUS operation.

Electron Lifetime 1,

Lifetime [ms]

East Cyost

Ar pump subst|tut|on /

| ) \ y
09/Mar 23/Mar oelApr 20/Apr “0alMay 18!Mav 01/Jun 15/un  29/Jun

Run NomMC, EE TPC  Elec. Lifetime: 3.52 o ms

dQ/dx [ADDC/cm)

0 2 &0 60 80 100 120 140
Drift Distance [emi

> Planned regeneration of liguid
filters in West module, possibly
resulting in an improvement and
equalization of the LAr purity
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Upgrade of TPC read-out electronics

® Front end. based on.anal?gue low noise, chgrge sensmye Pre Amp; wz.:;’/ Ry /7 I lﬁ

® Shorter signal shaping time ~1.3 us matching e- transit time U YT |
between Induction-1, 2 and Collection wire planes (3 mm apart) 33
for a better separation of the hit position;

® Compact layout with both analog/digital electronics in a single
board: 96 mini-crates installed on the signal feed-through flanges.

pIRIRELY

Collection
- 10 liter mini-crate on a
feed-through hosting
075m Wi )
_ bl s 9 boards (576 wires)
2 | Induction-2 S S5
N < Q
S Q/ %;f Recorded cosmic muon track:
s .  S the characteristic bipolar shape of
O 1045 m Wires " . . .
E — § e-signals traversing the wire plane
.| Induction-1 o : : : : :
S = P is recognized in Induct.-1, 2 views.
>
1L1f Wires Time [t-sample] 1
1aer# .




Upgrade of the TPC read-out electronics

® Some anomalous coherent noise present in the TPCs upon activation mainly injected by
ancillary cryogenic instrumentation has been addressed and mitigated:

> Presently uniform intrinsic RMS noise in all TPCs (1 ADC: 550 e-):
~ 2.5 ADC in Collect./Ind-2 views (3.9 m wires);
~ 3.8 ADC in Ind-1 (9 m wires).

> Average Signal to Noise ratio S/N > 10 in Collect./Ind-2 views for mip signals from
almost vertical muon tracks.

3.0 ICARUS P/ﬂe//mlha/—vy — 045 pr— ICAIQUS P/"e//m/ﬂa/"y ‘
' : 3 Induction 1 (Peak: 6.74)
L Induction 1 (Peak: 3.84) 040 [ Induction 2 (Peak: 8.64)
25 ! [ Induction 2 (Peak: 2.50) | 3 Collection (Peak: 9.05)
[ Collection (Peak: 2.44) a8
2.0
0.30 4
w
1.5 =
D 0251
10/ £
35 0201
3
£ <L oss
("0 & 8¢ 3 & 8§ 6 7T @
RMS Noise [ADC] s
Studies are on-going to further A, J
P . 0 5 10 15 20 25 30 £ 40
m/f/gafe the coherent noise. Peak Signal to Noise Ratio (Noise-Filtered)
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® 360 Hamamatsu 8" PMT (5% coverage, 15 phe/MeV) installed
behind the wire planes, 90 PMTs per TPC:

» Continuous read-out, digitization, discrimination and waveform &=
recording of PMTs signals (V1730 digitizers).

> PMT signals sampled every 2 ns and recorded in 10 s windows. &

K et V1730 Digitizer PMT Global
| 3 " ! - T -

i - i : ' Trigger ’%r
i Logic

-—rwWY - r

Upgrade of the light collection system

]
=

——

g
2

: Data Swe | Argon ICARUS Preliminary
Optical .2 recording § scintillation I ——
Link A3818 @t 8 (10us) = light S b S | e
. : Sy S e 0:094-001 ns (\ (0w _113)
- :5:0::’- |
> PMT gain equalized at ~ 0.5 107 = 1% with A ~ 405 nm laser f a Ji |
and measuring the 4 mV PMT response fo single phe backgr. £ (' |
> ~3 kHz PMT counting rate at 50 mV ~13 phe threshold. ‘- [\
- )
> PMT time response equalized by Laser to Trigger signal with . I
1 ns resolution allowing to perfectly determine the time of B )
collected events. At = topr = trréeer (NS)
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Cosmic-ray background mitigation in ICARUS

® ICARUS LAr-TPC is installed in a pit exposed to cosmic rays where electrons produced
by v's via Compton Scatt./Pair Prod. can mimic a genuine v, CC interaction:

> Primary v's and mostly of cosmic neutrons are suppressed by 2.85 m concrete
overburden installed above ICARUS;

> Residual cosmic rays entering ICARUS, ~ 11 pnin 1 ms TPC drift time, are identified in
time/position by the 4n Cosmic Ray Tagger (CRT) detector surrounding the LAr-TPCs
as matched to TPC and PMT systems.

CRT: a double layer scintillation bars (~1000 m?) with ~ Overburden reduced by a factor 2
SiPMs, tagging incoming cosmics with ~95% efficiency the cosmics signals on Top CRT

; — by Without
. gﬂ*ﬂ NP overburden

Rate [kHz]
&
l

- [SreBin2
C --FEB 114
05— FEB 100
L |-=-rFeB150
© |-»-FEB238
04— FEB 234

- |= FeB23
L |-«-rFeB170

% FEB101
»- FEB 142
FEBG

R et After the overburden

0.2/~ FEB237

o bt installation completion

03

Y — : 1 1 L 2 | : L |
0.1
26/02/22 28/03/22 27/04/22 270522 {ime
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Trigger deployment

® The ICARUS trigger system relies on the light signals from PMTs in coincidence with
the beam spills, 1.6 us and 9.5 us of BNB and NuMI:

> All ICARUS subsystems are synchronized at ~ns level with beams radiofrequency
by a White Rabbit Network distributing proton extraction signals;

> Early warning signal of beam extraction is used to open spill gates at proper time.

® The detector timing has been set by looking for excess of PMT light signals and of side
CRT hit signals over the cosmic background in correspondence of the beam arrival.

v arrival time v arrival time

SPILL WINDOW 1.6 s uMI SPILL WINDOW 9.5 pis

v arrival time

NuMI SPILL W*INDOW 9.5 us

o+ Avg background: 561 counts

P
b=

g Beam gate [9.6ps, 11 248)
Average counts: 708 counts

Number of hits

n
o
o

* » Avg background: 231 counts
oo Beomoate[90ps, 1858 ]

}
el

ICARUS P:#ﬁmin&y

# of Flashes
z &

o
bval
S

b=
=3

US Prelimin

\l/ bin size = 0.5 us|

95 pus

Flash time [ps] Flash time [us]

20 -10 0 10 20 30

7Hit TO-gate start time ( us)

Hit signals excess in Side CRT

Light signals excess in PMT system
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Trigger commissioning status

® Data are collected using mainly two types of trigger:

> ‘PMT Majority”: coincidence of beam gate with al least Mj = 5 fired PMT pairs inside
a 6 m longitudinal slice of a cryostat (30 left + 30 right PMTs), 13 phe PMT threshold;

> “Spill-only” or Min-Bias trigger, collecting every beam spill without any PMTs signal
requirement for control of the detector.

PMT and CRT signals are recorded 2 ms around the trigger to recognize/tag cosmics
crossing the LAr-TPCs during the 1 ms e- drift time.

® Out-of-spill cosmic events are also collected in parallel with the same trigger logics
to evaluate the cosmic event background for neutrino oscillation searches.

® At current Mj=5 setting MonteCarlo predicts >97% 29¢r elficiency measured on crossing cosmic k
efficiency in detecting vy, ve CC, Epgp >250 MeV.

F Data Preliminary

Efficiency

e -
® Trigger efficiency initially evaluated on cosmic p: aaf__
> Response of PMT Majority trigger determined ost_ ey
by PMT light associated fo the selected tracks; | miggoriowsl |~y s
> A~ 97 % efficiency has been determined for TR oy
muon track with L >130 cm, i.e. Epgp> 250 MeV.  * e D

1000
Track Length (cm)
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0.9 m Drift direction

First collected neutrino events: a BNB QE vu CC candidate

Beam dlirection

~~Track1'L =75 cm
- Muon with 5-rays exi ting
on the bo ﬁom

Traék 2 ‘L 74 cm
S ropp/ng protfon

- 12m l/I//res

» From the study of dE/dx vs range,
track 2 is compatible with a proton:

Eper~ 340 MeV, E¢=370 MeV _—— T ST Ko /‘

(if evaluated from range).

COLL > Neutrino interaction vertex well inside the

active LAr volume. Two tracks are produced:

v" Track 1: downward going 1 candidate,
exiting on bottom (confirmed by & rays)

v" Track 2: upward going stopping proton,.

ICARUS Preliminary
* Measured dE/dx along track 2

© o
T I
:

dE/dx [MeV/cm]
N
R
»

4— .....~ ........ ‘ ° ..

_Expelcfea’ dE/dx vs range for muon, profon
%70 20 30 20 50 60 70

Residual Range [cm]
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0.92 m Drift direction

NuMI ve CC candidates

IND2 .+ . » QE ve CC event contained
_ ’“ Pew candidate, Eppp~870 MeV:
i Of"’L  EE v proton candidate is upward
\ il et - Electron . going/stopping L= 13 cm;
7 ' v e-shower is downward going.

casmrc #'ack 0 7 m‘ W”qes {Beam direction  10m M//}"és g

> ve CC event candidate fully contained in

Track 2 COLL active LAr, Eg.,~830 MeV:
v The electron shower, Epgp~570 MeV
Track 1 is downward going;

‘ . ? | v" Track 1: upward going, stopping proton

P A , candidate, L = 23.7 cm;

Elect R ' ' '
Rl £ Track 2: stopping hadron, L = 33.4 cm.

Im Wires
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ICARUS Installation, Commissioning and Data taking

Aug. 28t 2020: start of Dec. 2021: June 7*h 2022:
completion of CRT installation completion of overburden installation

‘ e : : : S U ETOTTTT 4(-“~
= amll B 5N AR

Steady data taking with BNB, NuMI beams since March 2021, in parallel with commissioning activities.

Cosmics, v, and v, samples collected for trigger/calibration/event reconstruction studies.

Started data taking for physics with BNB, NuMI: June 9t" 2022

BNB CC QE vu candidate, Contained NuMI CC QE ve ol -+ Nl Delveret 3.1 LG FOT
Epep™ 200 MeV candidate, Epgp ~ 800 MeV oL+ BB Deferd: 4.1 E18POT =
A COLLECTION View A COLLECTION View | — Vol ot 679 18 POT —
_8 Upward gqing exiting c , § ~—— BB Collected: 41.1 E18 POT =
© | muon, L~80 cm B ; : g
g @ Stopping upward going S
© o hadron, L ~43 cm
a A =
g Vertex : g Vert‘?-‘x pli . ﬁ : d'l. '..in Jﬂn09 B 7 T B ns G s
3 Downward going © e **'i' Dy VT
PO S ' :Enfgtgon: vl Collected event statistics (93% efficiency):
< - > . .
60 cm Wires < o Wires > 4.1x10% pot (BNB), 6.7x10%° pot (NuMI)
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On-going TPC wire signal reconstruction/calibration

® TPC Calibration procedure is based on the measurement of
dE/dx ionization density versus residual range of cosmic us
stopping/decaying in active LAr:

—
o
o
o

3000

v' Calibrate the absolute energy scale; <__ Bragg peak
v Equalize the individual wire electronic response;
v Improve the modeling of e- recombination/diffusion, Stopping Mion Event
and space charge effects; (Induction ! Plane)
v Measure e-drift velocity and detail the wire response.
2000 )
BN Cosmic Stopping Muons Data dQ/dx vs. Residual Range
. 6000
dQ/dX vs. /Q@S'/dua/ /Qaﬂge E‘ 1400 - \ICA,QUS P/"e//'mmary —— Calibrated Prediction
1600 AN - Data Measured M.P.V.
5000 8 1200
g 1400 AY Cal: 82.78 + 0.89 electrons/ADDC
v 4000 % 1000 - a = 0.9313 = 0.0050
8 1200 N B/E = 0.3705 = 0.0125
S % 800 | (g/cm3)(cm/MeV)
S

2000

1000

0 25 50 75 100 125 150 175 200
0 25 50 75 100 125 150 175 200 Residual Range [em]

Residual Range [cm] Slide# : 24
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On-going event reconstruction

paiSeiecton: Gugis ygiume

® TPC event reconstruction uses Pandora pattern- N
recognition software within LArSoft framework: 014F

> Reconstruct particle trajectories in 3D starting ot
from the hits in the TPC wire planes;

> Reconstruct interaction vertices and particle
production chain; 002k

> Classify particles as track-like or shower-like and
perform P.Id by dE/dx and range measurements.

ICARUS Preliminary

: Cosmics reconstructed
0.08- rack length in data, MC

0.06

Normalized Distribtuion

0.04f

Data
MC

O -
o a0 O
b |

100 200 300 400 500 600 700 800 900
Track Length (cm)

® Comparing track and light signal barycenter along the detector longitudinal axis allows
to recognize/disentangle v CC with Lu > 50 cm from crossing cosmic p within Az~1m.

ICARUS Preliminary

& 200F Cosmic muons 1 Enves 262061 12}
c Mean 07743 C

RMS 51.18

BNB v,CC candidates“ " DM Ts. (beh ind the wires)

#Hevents

Central cathode

rms=41cm

PMTs (behind thegrig

URARI AARI AALIRAL) RALI AALS RA08 LAR) AARH

L

¢ 8 S 4 Fired

" % "0 T 10150 200 ’ ; : aXIS

zm e (cm) Zipc Zpu (cm) PMTs
Neuf/"/no events found from visual scanning of co//ecfea’ data are used to

investigate/test automated software tools and compare MC/data pe/"form%ng% s
/ide




Conclusions

® Despite the present pandemic, ICARUS detector has continued to operate with
excellent stability since its activation in August 2020, taking data with BNB and NuMI
beams part-time as installation/commissioning progressed.

® Data collected so far have been instrumental for calibrating the detector, tuning
simulation and event reconstructions tools.

® Tnstallation and commissioning has been completed: full time neutrino beam run started
on June 9th 2022 exploiting regularly both the Booster and NuMI beams

® Early phase of ICARUS data taking is started, primarily dedicated to the study of
Neutrino-4 claims looking for the vu disappearance in the Booster beam and ve
disappearance in the NUMTI off-axis beam.

® After the first year ICARUS-only operations, SBND LAr-TPC detector will be operative
at shorter distance from Booster to perform with ICARUS a definitive 5 ¢ analysis of
sterile neutrinos.

The INTENSE EU Madame CURIE program has played and is still playing a
fundamental role in the success of ICARUS investigation on sterile neutrino
anomalies at FERMILAB allowing the networking of a large community of

Researchers, in particular of Youngers!
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