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The ICARUS detector

* Uniform Liquid Argon (LAr) time-projection chamber (TPC) detector

* First large LArTPC, still one of the largest in operation
* 2 Identical modules with 476 t total active mass
 Self-triggering detector, with precise 3D imaging and calorimetric
capabilities
* Its operation at LNGS (2010 — 13) confirmed the feasibility of this
technique
* sensitive search for LSND-like anomaly with CNGS beam constraining

the allowed phase space (Am? < 1 eV?,sin* 8 ~ 0.005)

* ICARUS moved to FNAL after overhauling phase at CERN and INFN Labs
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The ICARUS detector

Wire planes (Anode)

* 2 TPCs per cryostat, with a common central cathode

* 1.5m driftlength and Ep.;rr = 500V /cm

* lonization charge continuously read (400 ns sampling
time) by 3 readout wire planes per TPC, = 54000 wires
at 0°, £60° w.r.t. horizontal and 3 mm pitch

PMT timing calibration

SOOI o T 5 G 20
e o 2000 M: 555 4/-0.01 ns Mean 5553
i Field cage % 1goo= 07 0.9 +/-0.01 ns /\ SidDev__ 1135
ooty /7 /77l AT TR AR VAR VY | (- Q
1600
Inside ICARUS: internal view of one cryostat G 400
1
8 1200
7 : : .. g 1000 Q:\
* 360 PMTs (8") located behind the wires for timing and Z w &F
triggering purposes: 8 <<,\/\®
' wf- Q%
* Precise identification of interaction time, ~ ns time resolution 200
01.1.;1 7Y (o [ | YT W W T |

545 550 555 560 l 565

* Localization of events with spatial resolution < 50 cm
At= tpumr - trriceer (NS)
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* The Neutrino-4 collaboration has recently reported a hint of oscillation (Anti-) v, Disappearance

signature at higher mass splitting [F57 99% T
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* Reactor v, disappearance with Am? ~ 7 eV? and sin* 260 ~ 0.26 ‘
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Short Baseline Neutrino Program at FNAL

ICARUS SBND

600 m baseline
476 t active volume
Data Taking

110 m baseline
112 t active volume

Under Construction
k \_
MicroBooNE
8 WEAR -
Ly s R \i : —~ Booster Neutrino Beam (BNB) i ;
- arXiv:1503.01520

* Short Baseline Neutrino Program (SBN) main goal is to search for sterile neutrino oscillations both in appearance and
disapperance channels (at ~eV? mass scale)

* Consists of 3 LArTPCs sampling the same neutrino beam (BNB) at different distances

* ICARUS is the Far Detector at 600 m from the Booster target
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Short Baseline Neutrino Program at FNAL

700 MeV arXiv:1503.01520
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* ICARUS is also exposed off-axis to the NuMI beam
===~ and can access the v, rich component of the
m ' spectrum (up to 3 GeV)
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SBN expected sensitivities

* The combined analysis of near and far detector data will allow to cover the currently allowed parameter region with
50 sensitivity both in appearance and disappearance channels in 3 years of data taking (6.6 - 10%° POT)

SBN v, appearance sensitivity SBN v, disappearance sensitivity
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* Using the same detector technology will greatly reduce systematic errors:
* Near detector helps providing the initial beam composition and spectrum

* The clear electron neutrino identification capability will help on reducing backgrounds
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Neutrino-4 study with ICARUS

* Inthe first ICARUS-only phase, it will be able to test this oscillation hypothesis in the same L/E range, collecting ~ 100
times more energetic events

* It will exploit two separate samples and beam-off data, for both available beams

* v, disappearance channel from BNB: focusing on contained quasi-elastic v, CCinteractions

* v, disappearance channel from NuMI: selecting contained EM showers from quasi-elastic v, CC interactions

Prediction for Neutrino-4 best fit* at BNB Prediction for Neutrino-4 best fit* at NuMI
1.4 z 1.4: e
TE +3E- 1(Am2, = 7.25 eV?,sin? 26,, = 0.26) S 1af 1(Amf, = 7.25 eV?,sin® 26,, = 0.26)
s F g .E
S 1.2 © =
g 1.1;- vé 1.1
g 13— . S -~ B E i F 1 5
E, 0.9 j:k . _+_+_+_ +‘+‘ ++~'— ‘ E’ il ++++ ++++ ++++ ++<H’ +++
0.8 s i e % = + - 28 + +‘+ ++ +
0.7E = B i
0_6;_ Expected measured v, oscillation pattern 0-6:_ Exp.ec’Fed measured v, oscillation pattern with
0.5E- with statistical errors . statisticalerrors
0.4 e a2 | 3 3 2 1 3 2 2 0 3 2 2 0 2 2 2 0 s & 2 0 s 2 2 0 2o 2 2 1 o | - - 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
0.4 06 08 1 1.2 1.4 1.6 L}g(m/MzeV) L/E(m/MeV)
~ 8500 QE events with contained muon track ~ 5200 QE events with contained EM
in 3 month of data taking (L, > 50 cm) shower in 1 year of data taking
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Cosmic-ray Background

ICARUS is on the surface and hence exposed to a huge comic activity that can mimic neutrino interac’qffo{s

Without shielding, ICARUS would be overwhelmed by the hadronic and soft energy componen
background

In order to mitigate as much as possible its contribution, ICARUS is instrumented with

* ~ 3 mconcrete overburden placed on top of the detector

\

/]

t of the cosmic

* 471 Cosmic Ray Tagger (CRT): 3 subsystems with double layer scintillation bars (~1000 m?) equipped with SiPMs

(2.4 ns time resolution), tagging incoming cosmics with ~95% efficiency

Comudence of CRT signal with the Ilght and charge 5|gnals inthe TPC
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Trigge I SYStem Light signal excess in PMT system
BNB SPILL WINDOW 1.6 us
* The ICARUS main trigger signal is generated requiring the presence of i m g ?r*gkg”:é:}““'
light signal from PMTs in coincidence with beam spills J b + P
* 1.6 us for BNB and 9.5 us for NuMI u—zim
- ! H--W ﬂ M* .M.ﬂ
« PMT light and CRT signals are recorded in 2 ms around the trigger * o me ﬁf {Lﬂﬁf W‘M
time to help recognizing cosmics crossing the detector during the = ICA USPfelimingfy
electron drift time (~ 1 ms) Flash time [s]
NuMI SPILL WINDOW 9.5 s
* The detector timing has been set by looking for excess of light and hit . ' , -
signals over the cosmic background in agreement with the beam Z:, #{W»H *HH |
arrival éjj; + HH g e |
T ot oty |
Excess plateaus correspond to v from E ol { _______________ i Df Dsof_m_n f |
the beam interacting inside the LAr - + HWH ICARUJt@’_’iﬁJﬁ H
N 5 ’ Flashlstime [usiO] :
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ICARUS Installation and Commissioning

August 282020 P8l December 2021 JUne 7% 2022 o—g ‘
5 e : = = ~~ W (i
LI = %-\ S ] | I
Start of TPC/PMT operation Completion of CRT installation Completion of overburden installation
ol Rates for top CRT
% o5t Beginning of
« Steady data taking with BNB and NuMI beams since mid — & oo i installation
) ) .. .o s
March 2021, in parallel with commissioning activities e “ End of
B |eresas ‘\ installation
045 ¢ resoum | /
* The overburden installation resulted in a factor ~ 2 reduction of 04— rea o
cosmic ray signal on top CRT R T
03E" | renzs
0_255. T o S BTSSR

26/02/22 28/03/22 27/04/22 27/05/22 26/06/22 26/07/22
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Start of TPC/PMT operation Completion of CRT installation Completion of overburden installation

* A new physics data taking started with both beams in June POT values for "RUN - 1”

th
9 2022 i coee NuMiDelivered: 73.1E18POT et
W+ BNBDelivered: 44.1E18POT
» Dedicated month of data taking, with overall efficiency of . — NMiColeced:679E18P0T e
o | = BNBCollected:4L1E18POT = L.
beam data collection ~93 % and excellent stability on ¢ | e
long runs at BNB s
* The collected event statistics for a month are: " T e " W R W W

Dav (UTC)

e 4.1 -10'° POT forBNB and 6.8 - 101° POT for NuMI
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Neutrino candidate from BNB

* Quasi-Elastic Charged Current (QECC) fully contained event: v, +n - p + u

* Two tracks are produced at the primary vertex

* The muon candidate is stopping after 2.8 m with a deposited energy Eg,,, ~ 650 MeV

* The proton candidate stops after 10.9 cm with Ey,, ~ 100 MeV

* The dE /dx measurement in the first 2 m for the muon agrees with a Landau distribution expected for a minimum

lonizing particle dE /dx distribution for the muon
A ) - 90‘_
Run 4811, event 21060 — Collection plane ;
proton : 80F
c & ‘ 70 Entries 612
O T . - Mean 2302
+ \ reEe, RO 605 RMS 168
()] —— E
5 Primary vertex oAb 50¢-
& ' 3 40F-
o 305
S , \ |
2 Beam direction Overlgpped
> ~ cosmic track —
Ye > 16 18 20
dE/dx [MeV/cm]

2.7 m—Wires planes



Collection plane

Neutrino candidate from NuMI

* v, Charged Current interaction, fully contained in the active LAr

* Electron shower depositing Eqep ~ 570 MeV

-5

e Track 1 : upgoing stopping proton candidate with length 5
Electron shower - * |Primary vertex

L =23.7cm
Beam direction

»

0.92 m — Drift direction

* Track 2 : possible stopping hadron, L = 33.4 cm

3
v

1 m —Wires planes

A "‘"\\V :
Beam direction ~ Collection plane . . . .
= - * vy, candidate with 7ty in the final state
c e "’A‘:’;\._ . . -
9 ST e e Track 1 : muon candidate crossing the cathode and exiting
ol Track 1 - 3
v S downstream, L ~ 4.2 m
© "
4+ YI\< AR 0O ] ) )
b= — verlapped « Track 2 : upgoing proton candidate, L ~ 31 cm
a \ / T""’]‘flf}‘ & cosmic track '
é ; - ,| : * V1,V2: My candidate with two photons (Ey1~ 200 MeV/,
rack .
o / E, ~ 240 MeV) converting at 18cm and 58cm
Primafy vertex , . :
\J S respectively from the neutrino interaction vertex

3 m—Wires planes



Detector Calibration

* Ongoing TPC calibration based on the study of ionization vs residual range for cosmic muons crossing the

cathode and stopping/decaying in the active LAr

* Goals: calibrate absolute energy scale, equalize individual wire electronic response and improve the modelling

of recombination, diffusion and space charge effects

* Possibility to tune and quantify the performance of PID algorithms for stopping particles

2000

: 14001 —— Calibrated Prediction
1600 Stopplng Muon 6000 T Data Measured M.P.V.
v dQ/dx vs. Residual Range g 1200
5000 o Cal: 85.91 = 0.94 electrons/ADDC
7 1400 < 1000 1 a = 0.9313 + 0.0050
g 000 X B/E = 0.3705 £ 0.0125 Bf‘dgg
g 1200 2 800 1 3
q S (g/cm?)(cm/MeV) < Peak
x 1000 3000 |
o —
S 800 5 5|
hr_ S T AL A AT
e £ o VAW/\AV AN Stopping Muon Event
wo o M NN ) -
0 g (First Induction Plane)

50 75 100 125 150 175 200
Residual Range [cm]

N
o
o

0 25 50 75 100 125 150 175 200
Residual Range [cm]
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Detector Calibration

Electron Lifetime 1,

LAr purity level is continuously monitored by measuring the

signal attenuation along the drift direction

Lifetime [ms]

Electron lifetime has been stable ~4.5ms in the East

Cryostat and ~ 3 ms in the West Cryostat

Allows an efficient signal detection over the full LAr volume

mterventlon

E substltutlon ; | |
T Simar  20/Apt - POMay - tenun 19/l
2022 2022 2022 2022 2022
Date
WEST Cryostat

EAST Cryostat

17
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Conclusions

» The 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 the installation and commissioning phases progressed

* Installation and commissioning can be considered completed. Improvements will continue, trying to maximize the
beam data collection

* The events collected so far are being used to further develop and tune the event simulation and reconstruction
tools to obtain a precise calibration of the detector

* The full-time neutrino beam run started on June 9t 2022 exploiting both BNB and NuMI beam, with optimal
efficiency

* ICARUS early phase primary focus: study of the Neutrino-4 claims searching for v, disappearance with BNB and v,

disappearance in the NuMI off-axis beam

 After the ICARUS-only phase, the SBND detector will be added soon at shorter distance from the BNB target to

perform a definitive 50 analysis of sterile neutrinos
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