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Neutrino related anomalies ?

Neutrino masses and oscillations represent today a main experimental evidence of physics
beyond SM. Being some of their fundamental properties still unknown, they are naturally
one of main portals towards beyond-SM physics. The LSND Anomaly

Beam Excess

800 MeV proton beam from
LANSCE accelerator

Despite the well-established 3-flavour v mixing
picture, several anomalies have been collected @c\opperbeamstop
so far hinting to existence of additional v states "~ LSND Detector
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anti—ve appearance: in anti-vu accelerator :
LSND experiment where anti-ve -> e+ +n xt =, vl
with neutron resulting n+p intod +y. !

Saw an excess of v, :
87.9 £22.4 + 6.0 events.

i - : With an oscillation probability of
ve disappearance. SAGE, GALLEX experiments Signal: 7, —e'n (0.264 £ 0.067 £ 0.045)%.
Mega‘CU/"/é /"ad/'aaCf/-Ve SouUrces 5'/70(4///79 an Lsn p— dy(2.2MeV) 3.8 o evidence for oscillation.

observed/predicted rate R = 0.84+0.05, recently
confirmed at 4o by BEST experiment

anti-ve disappearance in nuclear reactor experiments,
initially R = 0.934+0.024 but now mostly explained

Possibly hinting to sterile neutrinos hypothesized
by Bruno Pontecorvo in 1957




The sterile neutrino puzzle

® Several experiments performed at
reactors and accelerators to study
neutrino anomalies, e.g. MiniBooNE
(arXiv:1805.12028) and
MicroBooNE (arXiv:2210.10216), -
but: 2
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> A clear tension between (anti-)ve 5
appearance and (anti-)vp —
appearance/disappearance | Disappearance

. . — Free Fluxes
results which are characterized lolf PedPwes
by different neutrino energy 10°* 1073 102 107!

. . . s .2
range and detection technique is SIN” 20y

evident. JHEP 08,010 (2018)
Dentler et al.

v’ Measuring both ve appearance and vu disappearance in the same experiment using a
detector with optimal neutrino identification and background rejection is mandatory to
disentangle the physics scenario;

v’ Far to near detector neutrino spectra comparison is crucial for the control of

background and beam/detector systematics. Slidet : 3



New evidence for oscillations of sterile neutrinos at reactor ?

® In 2019 Neutrino-4 experiment (A.P. Serebrov et al.)at Dimitrovgrad SM-3 reactor
gave evidence of neutrino oscillation into sterile-vs showing a disappearance signal

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

Neutrino signal (blue A and
black B ) compared with
expectation (red @ )

for Am¥, sin?26 values as a
function of L/E
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A Observed, 24p, 500keV. Dec, 2019.
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® Combined analysis of Neutrino-4 with GALLEX, SAGE, BEST (RR.D 104, 0520053, 2021)
results in a best fit of Am42 = 7.3 eV?2 sin2(2014) = 0.36 at 58 cC.L
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SBN program at FNAL.: a definitive answer to sterile neutrinos?
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® ICARUS and SBND LAr-TPC's installed at 600 and 110 m
from Booster target, searching for sterile-v oscillations both
in appearance and disappearance channels.

® Furthermore, high-statistics v-Ar cross-section measurements
and event identification/reconstruction studies:
> ~10¢ events/y in SBND < 1 GeV from Booster
> ~10%events/y in ICARUS > 1 GeV from off-axis NUMI beam.
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SBN Program: sterile neutrino sensitivity, 3 years (6.6 x10° pot)

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

> High ve identification capability of LAr-TPCs rejecting NC event background;
> "Initial" BNB beam composition and spectrum provided by SBND detector.

> Sharing of reconstruction/analysis tools between near and far detector reduces

systematics .
vu disappearance ve appearance ve disappearance
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Unigue capability to study neutrino appearance and disappearance simultaneously
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The evolution of the LAr-TPC

Liquid Argon TPC (LAr-TPC) technology was first proposed by C. Rubbia in 1977 as an
alternative to Cherenkov detectors: an electronic bubble chamber to reconstruct a large
variety of complex neutrino interactions R

Liquid Argon TPC

> 3D Tracking with Ax ~ mm3:ionization e- can drift MZ
for meters if LAr is sufficiently pure (E~500 V/cm) i

> Full sampling homogeneous calorimeter:
Energy measurement by e- charge signal integration; "

V wire plane waveforms

N
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> Measurement of local energy deposition dE/dx:
remarkable e/y separation, 0.02 X, sampling,
Xo0=14 cm, a powerful PID by dE/dx vs range.

> Scintillation light by charged particles provides
fast sighals for timing/triggering.

® A Jong R&D culminated in ICARUS-T600, 0.76 kt LAr at
LNGS exposed to CNGS neutrino beam.

> ICARUS produced significant results in sterile
neutrino searches (EPJ C 73, 2015)

b4 T 4 g e
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G
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> It also confirmed the viability of LAr-TPC T :a'_'w...
technology, paving the way for DUNE ' B 224750 aans, 2090




The ICARUS detector at FNAL

® Combined 2 modules, 2 TPCs per module with W”'e”/"”“
central cathode (1.5 m drift, Ep= 0.5 kV/cm);

® 3 readout wire planes per TPC (2
Inductions+1 Collection). 54000 wires in
total at O, £ 609, 3 mm pitch;

® S/N > 10 for MIP tracks in Induction2 and
Collection planes;

llll

® 360 photomultipliers, TPB coated, to detect
‘rhe scm‘rllla’non light pr'oduced in LAr'
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2015-17: overhauling at CERN

2018: transportation to FNAL and start of
installation

f”;;\ " 2020: filling with LAr and start of commissioning
N 2022: start of physics data taking




Cosmic-ray background mitigation in ICARUS

® ICARUS is installed in a pit exposed to cosmic rays where electrons produced by
Compton/pair-production photons can mimic a genuine v, CC interaction

® Inorder to reduce this background specific strategies had to be developed

> Installation of a Cosmic Ray Tagger (CRT): double layer of scintillator bars covering the
TPC at 47 (~1000 m? total surface) read out by SiPMs

> CRT allows to identify incoming cosmics in position and time with ~95% efficiency, and
match this information with PMT and TPC data

> Installation of a concrete overburden (~2.85 m thick) suppressing EM component of cosmic
rays and most neutrons.
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ICARUS physics runs

® The first ICARUS run (Run 1) started after the completion of the overburden. ~6.8 10 POT were
collected for NUMI and ~4.1 10 POT for BNB, with a good detector live-time (>93%) in 1 month run
(June 9 to July 9, 2022). Electron Lifetime 1, B

® Detector improvements and calibration with cosmic rays, s % L il | {
followed by the LAr filter regeneration in the West
cryostat, were performed during summer 2022

Lifetime [ms]

® Run-2 officially started on December 20, 2022 with BNB
only. Due to horn magnet issues, NuMI only started on

1 1 M 1 " 4 1 " " ] " " | " " "
33 5/Jan 14/Feb 16/Mar 15/Apr 15/May 14/Jun

Febr'uar'y 28, 2023 2023 2023 2023 2023 2023 2023
ale
® Electron lifetime was stable and adequate for physics 0
during all Run2 (~4ms East, ~8ms West). Regeneration of ) NUMlDe.hvered:Z%'g 18301
| 1 allow i BNB Delivered: 215.6 E18 POT
the East filters will allow increase to ~8ms for Run 3 200l — NuM Collected: 274.2 £18 POT

oT

£ 150 BNB Collected: 204.9 E18 POT

® Better control of detector conditions allowed to improve ¢
the live-time to >95% " 100

50
® ~2.7 1020POT collected for NuMI, ~2.0 1020 POT for BNB 0 NuMI

ICARUS at the Fermilab SBN program: initial operation 1013,80“ 1013‘Wed MW o 1023,\“ ! B
g g ) )
Eur. Phys. J. C (2023) 83:467 v« w® w" @b "




Detection efficiency / 50 cm

Triggering the neutrino events

® ICARUS trigger system relies on PMT light in coincidence with the beam spills, 1.6 us for
BNB and 9.5 us for NuMI, using the Early Warning signals of proton beam extractions:

. PMT of TPC TPC| S

> Beam events are collected requiring at least 5 OR \f Left Right | o

signals from adjacent PMT pairs (M =5) inside one o Cathode | OX

of 6 m longitudinal slices equipped with 30 PMTs ° ° PMT

left + 30 PMTs right; z

) ] \ 30 PMTs \\ 30 PMTs // 30 %Ts /

> PMT and CRT signals also recorded in 2 ms A

around the trigger to recognize cosmics A

——

1.0

0.8 1

0.6 1

0.4 1

0.2 1

0.0

crossing LAr-TPCs in 1 ms drift time

ICARUS Run2 Preliminary

— O T i — 0 —
et e ——
Y ‘_"_‘
T < Mj=5
-4« Mj=8
0 100 200 300 400

Track length [cm]

1R )
North
30 PMTs / 30 PMTs \\ 3B\PM 7'5'\
\

® The frigger efficiency as measured with ~ vertical
cosmic muons /ndependently selected by TPC tracks
matched to CRT signals.

> An almost full efficiency is found for in-spill
events above 1 m track length (Epgp~ 200 MeV ),

> Out-of-spill cosmics are recognized with 90% eff.

for L > 1.5 m requiring >= 8 fired PMT pairs.
Slide: 11




Some example neutrino events

vuCC interaction from a BNB neutrino

S o ICARUS Preliminary
A Begm S 10 s Measured dE/dx along
a’/r'ecf/on b5 2 e track 2
Track] (75 cm) The study of dE/dx vs S B .‘-.’,
2T i 6? ...."‘-._9.0 *
Mu:{v with 7‘5/1 rays .r'ange conflr'ms .Track 2 e ] .
o €xiting oh 1he is compatible with a — 2 e T U L P
AN bottom [ e o TS JeN A Soen...
O § : pr'o'ron (EDEP~ 340 MeV) 2__ ......................................... \ ......... P f
S Track 2 (74 cm) :
) : :
NS Stopping proton E)ggec.ffg’ a.’Ez/OdX. v .nan%e,fag) muon, pratan
: 2 : : Residual Range [cm]
12m >
Wires . . .
veCC interaction from a NuMI neutrino
A )
INDI — ‘
st o SaIND2 ... » QEveCCevent contained
5l ,,5/6_?#"0" e Sl . 7~ candidate, Epgp~870 MeV:
Sk K Al o : :
ok & i afa”/ AT v proton candidate is upward
E ,l;- i N Electron going/stopping L= 13 cm;
E : : v f y . .
N[  QF v e-shower is downward going.
Sl R o going
cosmrc rrack 0 7 o W/res Beam direction  10m Wires S

<€ > <€
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Detector Physics measurements

® Accurate measurements of detector parameters and characterization of detector effects
are needed for calibration/equalization of energy response and efficient particle ID

Amp. Normalized

Data - Resp.
|

> Observed dependence of electron recombination
on track angle ¢ wrt drift coordinate for high
dE/dx (proton tracks). Consistent with ArgoNeut 2

D, [cm?/s]

|
=]

o000

—— Nominal Response
—— No-dQ/dx Fit Response

Fit Response
Data

o}

11 Plane 1 38° <BOxw <40°
J\ dQ/dx bin O
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HOM

i?

JZ?‘% y Q_v__

—20

4.75
4.5
4.25

3.75
3.5
3.25

5.875

10

(oF!

—10
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Ax? Scan Results

ICARUS
Preliminary

 687%cl

 95%cl
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9.625

20

> Data-driven fit of TPC field response allows

10500

9000
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6000

4500

3000

1500

better description of signal shapes in all planes,
including for possible non-transparency effects

0.24 1 4+ ICARUS
4 ArgoNeuT

2 5 Recombination
@ 521 parameter (3
T 3
S = |

a 17 |

ICARUS —_t
0.201{ Preliminary |

20 30 40 50 60 70 80 90
¢ (degrees)
> Longitudinal (D_) and transverse (D)
%  electron diffusion coefficients in LAr
measured by observing the dependence of

average signal width on drift coordinate.

first D measurement in this E-field range!
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PMT timing calibration

Times of fired PMTs in a cosmic muon event

o % T cdvemton | e
® A good PMT timing is crucial to ensure gl
accurate matching with TPC and CRT % '
information and resolve the BNB bunch > Do
structure B i U s s oo SR
® PMT relative timing is reqularly calibrated § —lest G
with both laser pulses and cosmic ray data ¢ .-
® The expected linear relationship between the = . bown

vertical position of a PMT and the
corresponding signal time for crossing cosmic ICARUS Run 1 - PMT Timing Equalization

muons allows to tune the timing of each PMT SR BTG A = §tdlg§€'
® As aresult, the PMT timing is equalized with SEesmEs =3 Lasaronly
. 100 corrections \ Z 0:93 =
a PQSO'UTIOH Of ~3OO Ps (Runl) @ [ Laser + cosmics
E 80 1 u: 0.08 ns
® A significant stability of PMT timing was ; —
observed in Run2, with a similar time e . i lfiamp'e after
. aser correction
resolution 41 (HW correction only) 4
3, ’/
20 1 | =X
0- '
2

6 8
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Time of flight measurements with CRT

Cosmic ray muons entering/exiting the
detector can be identified by the relative

Time difference between CRT Hits
and the matched PMT signals.

timing between PMT and CRT signals .
This requires: S
L
> Accurate relative synchronization of

PMT and CRT systems through a global
trigger signal

» Modeling of the scintillation and light 10°
propagation in LAr

IIIII| I ||IIII|| | III|||I|

)
3
a.
3
3

s.entering Top CRT
F Cosmic muons
%, crossing Side CRT

CRT can also be used for vetoing non-
contained tracks from beam neutrino
interactions: the absence of CRT hits allows
to select a subsample of contained events

The study of top-side CRT crossing muons
allows to estimate the resolution on CRT-PMT
matching (convolution of both systems) ina
few ns (<4ns Top, <bns Side)

—60 —40 -20 0 20 40 60 80 100

CRT Time — PMT time (ns)

‘ u
N

Earliest
photon
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SBN Near detector: SBND at 110 m from target

® Two LAr-TPCs with central Cathode, 112 t LAr
active volume equipped with cold electronics;

® Scintillation light detected by PMTs and X-
Arapucas (partly coated with TPB, partly not).
Cathode coated with TPB

® The cryostat is surrounded by a Cosmic Tagger 2nd Photon Detection systems
system for cosmic ray rejection.

Cryostat surrounded by a
Cosmic Ray Tagger system
for cosmic ray rejection

!12 CRT panels
e ST
o

R

Panels made of scintillator strips

CPA-Cathode
covered with TPB
coated reflectors

TPC Cold electronics Two Time Projection Chambers
- e Total dimension: 4m x 4m x 5m

Field Cage

Hill

TN

Photon Detection
Systems: 120 PMTs,

A 12 XA .
43 APUCAS  glide: 16

APA-Wire Planes- 3 planes, ~11000 wires



SBND Assembly and installation

APA Assembly, Dec. 2018 5 CE Installation, May 2022 PDS Box e _ 2 i
i A\NTNN . !

Installation,

_— N1 17) 7
{Sep. 2022 | Detector m_to the Cryostat, Apr. 2023

— R L7 I

j w /71

an

AT

= =

APA Installation, Oct. 2021 i Detector to SBND, Dec. 2022 f

BT e RN 0 L AR T (e e B
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SBND Assembly and installation
W s ,;7‘— ' ./f’ |

[?{_?gi’?“ M= Ca Detector inside the 8
\4 e = Cryostat, pr. 20 3 ;,1 Cathode HV Feedthrough
, W (AR SR\ Installation, Jul. 2023
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4 x. \
e hed

¢ W18
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e N ‘ v /0%
\- S o2 A X X
\ Iy = A WA | « \
A : il 437 —’-. Y /) -.‘ | = ' 3 \‘:\\.

- ’\/’ 229 )' P / / d Il

= [T Y w],i],,,”jjj I S\ 2\ North CRT Wall
e 7 L/ \Y (R %

3) l “Hf"f‘u,“ il ./ Bl Installation, May 2023
3 |\ : I <7 o fl [0 \ W
Y I |

® Detector assembly and installation of all components inside the cryostat is complete,
cryostat is closed

® Cryogenics installation is being finalized, o be completed by next month
® TPC calibration lasers currently being installed
® Cabling completed, cables undergoing quality control

® Bottom and North CRTs installed. Other walls will be installed after stable cryogenics
operations are established

® Expect to fill SBND with liquid Argon at the beginning of 2024 Slide: 18



events/yr: will collect an order of magnitude
more neutrino interactions than currently
available

Besides its crucial role in SBN measurement, it
will have an unprecedented stand-alone program
of neutrino interaction measurements: both
precision measurements of common channels and
searches for rare ones

Excellent S/N ratio expected in SBND will allow
study of low energy deposition, such as neutron
scatters

The short distance from target allows to exploit
the PRISM concept: looking at different
positions wrt beam center allows to scan a wide
range of off-axis angles

SBND cross-section physics program
® SBND expects ~2 106 vuCC and ~15000 veCC 7

>
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o
o
)

0.04

Relative Event Rate / 100 M

o
o
©

Muon Neutrinos SBND Simulation

CC Exclusive Channels
B vy, CCOm, 4.3M Events
B v, CC 1%, 0.9M Events
mmm v, CC 1n°, 0.5M Events
mmm v, CC multi-pion, 0.4M Events

Event Rates for 10 x 102° POT
in Active Volume (80m?)

GENIE v3.0.6 G18_10a_02_11a
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SBND BSM physics program

® Any new physics signal from BNB will show up |
with the highest statistics at SBND, due to
the short distance from target

TTTTT

D DM-e scattering [mass_ = 0.04 GeV]

10" ; I:l v-e scattering

E :l v-nucleon interaction (v, NC or v, only)

arbitrary units
T

TTT

T TT1T

v UL
10_2?1. C _'LAW[JL»J»‘ JL—jn'-fr;”’r;janq[
® The ns-level time resolution of the photon En g
detection system will allow to resolve the oo Sub-6elV DM
BNB bunch structure, allowing to detect i
massive long-lived particles '°" “SBND Simulation
Eodupalnienl on ol
-1 08 06 -04 -02 0 02 04 06 08 1

Cos6
Distribution of events with respect to the beam direction

® Planned studies include:

> Sub-Gev dar'k mGTTer' o SBND Simulation Preliminiary | Sensitivity at 10x10%° POT (3 years of data)
T T T

> Dark neutrinos (possibly explaining the ~ *
MiniBoone excess) 105}

—— PIENU B
> Heavy neutral leptons (produced by U, 4 e \
mixing). Best sensitivity under 250 MeV "7 '

IUu4|2

el L el Heavy neutral leptons |
i === SBND vee 90% CL
] SBND vr® 90% CL

10—10 | | | |
0 50 100 150 200 250

HNL Mass [MeV]
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ICARUS stand-alone oscillation searches at FNAL

INEUUINO=4 anoimadly

® The new result from Neutrino-4 experiment requires a prompt investigation by ICARUS,
before the start of SBND physics data-taking, with both Booster and NuMI beams

® Both BNB and NUMI neutrinos in ICARUS are characterized by an L/E ~ 1-3 m/MeV, to
similar Neutrino-4 but in a different energy range

® A ve disappearance search at NuMI would provide a more direct comparison with Neutrino-4

® ICARUS will initially focus on a vu disappearance search at BNB (high statistics already
available), selecting a subsample of vuCCQE interactions

1.4 1.4¢

1,35_ * Prediction for Neutrino-4 best fit (black) at BNB _g ,.35_ * Prediction for Neutrino-4 best fit (blue) at NuMI I
1,22_ » Expected measured vy oscillation pattern < 1_22_ * Expected measured ve oscillation pattern with
1.1E  with statistical errors (red) T E statistical errors (red)

£ 4 £ ™ _ «
0.9E- + ++ + ++ + .'_'“— @ 09 * + ++++ * ‘“f ++ d | T |l
osff o .- : T < ospk + *y/ ++ + 1

BEL . - 4:. S -
0.7E 0.7
0.6F- 5 - 0.6
0_5;_ Am?,,=7.25 eV?, sin?260,,=0.26 0.5 Am 14_7 25 eVZ sm22014-0 26
0455504 06 08 1 12 14 16 18 2 0455304 06 08 1 12 14 16

LE(m/MeV) L/E(m/MeV)

vu survival probability at BNB: ~8500 QE events ve survival oscillation probability at NuMI:
with >50 cm contained w track, ~ 5200 QE events with contained E.M. shower,
~8.4 x 10*° pot (Run1+Run2~2.4 10?° pot) ~9 x 10%° pot (Run1+Run2~ 3.3 10?° pot) .

Comparison with a beam-off event sample will allow to observe the Neutrino-4 modulagion,,



Check of event reconstruction with visually selected vuCC events

® Automatic procedures for selecting 1u 1p vuCCQE interactions fully contained in LAr active
volume are under tuning/validation: ———— 2 g o SR I o8

100+

0.5 —Pi_4—+0.5 120) 0.5 —P_i4—+0.5

> Reconstructed v interaction vertex .
and p end-point (Xpeco) within ~2 cm
from the measured one (X.cqn) ; w

60+

Slices

Vertex-X

> 1u 1p fully contained v candidates: oo oy
demonstrating particle identification Xreco~Xscan (€M)
and kinematic reconstruction
capabilities in the transverse plane

| dE/dx Vs Residual range

dE [dx |[MeV [em]

Pandora-based reconstruction shown here
arXiv:1506.05348
Complementary ML-based reconstruction

also being developed s -
‘§ ik Total transverse Residual range (cm) | Resndual r'ange (cm)
Wt J( momentum, 1n 1p events < fpsi
SOLL_ '03 SRR Collection plane PTp~460 Mev
t . tdata K . Anexample of »
af :*; 1ulp event <
MC expectation S primary PTmiss~130 MeV = o 230 0 49
107 IE vertex " \
L i . | o) - 7
TR W a0 © Transverse momentum Pt.~340 MeV

Transverse momentum [MeV/c] 1 m - wire directi .
' M - wire direction reconstruction Slide: 22


https://arxiv.org/abs/1506.05348

Automatic selection of a clean vuCCQE MC sample

® A first automatic procedure for selecting 1u 1p vuCCQE interactions fully contained in
the active volume is being prepared starting from MC events to be then applied to data:

> TPC tracks matched with PMT light signals recorded in beam-spill;
> Rejection of cosmics based on their vertical direction;
> Interaction vertex in the fiducial volume;

> Fully contained p candidate >50 ¢cm and a single contained proton;
no other particles or showers in the event.

® According fo MC, this selection procedure is Selected v, - Contained 1P
characterized by ~27% efficiency and ~62% T s
purity for true vuCCQE fully contained, also
largely rejecting cosmic rays;

ICARUS BNB v,

mmm v, CC QE
m v, CC Res
mmm v, CC MEC
v, CCDIS
v, CC Coh
. v, CC
v NC
mm Cosmic

1500—

® Progress expected from ongoing activities: ;
> Cosmics rejection exploiting CRT/PMT; ‘°°°;‘
> Upgraded calibration and PID;

l|l|

500

: E 2.5e20 POT
» Improved event reconstruction; ; q
) ) ) y| M- TR O A |t Sy WY DA
> Include events with multiple protons in o 08 ' Recornatuclad ENeoy [GEY]

the selection.
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P(v, = Ve)

ICARUS physics searches with NuMI beam

Further exploitation of the NUMI Off-Axis beam (6 degrees 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 to SBN oscillation studies and DUNE.

> Develop a rich Beyond Standard Model search program: Higgs portal scalar through
di-muon final states (advanced analysis), v tridents, light dark matter, heavy neutral

leptons ...
Oscillation probability at DUNE v, from NuMI at ICARUS v, from NuMl at ICARUS
«10° Preliminary ' ‘ 10"
- ™| EERR TR TR 1 B 3:
. v @ 3-
Neutrinos B, = -n2 B WCC.L2%0em 1 & I — CC (v¢+7,)
1285 km Ws.=0 Bl 7ccoEpe] & _
0.12f Normal Ordering ce - B+, coRes (%) g 25 — NC (vy#7,)

—
o
T I | g o |

Oep =12

B .7 ccois (18%)
v,47, CC MEC (8%) |

—
=]
T I |t pop

— 15— |

v, CC Interactions / 6x10°° POT

_ﬂﬁ_r—
4 5 6
Neutrino Energy(GeV)

1 2 3 4 5678 % i 2 3 4
Neutrino Energy (GeV) E, [GeV]
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Area normalized

Ongoing analyses with NuMI beam

Selection of charged current vu interactions from NuMI beam inside fiducial volume:

> Reject events tagged as clear cosmic by Pandora and close to vertical;

> Muon candidate: contained track L >50 cm identified by PID or exiting with L>100 cm;
> At least a contained proton identified by PID (for the 1uNp selection).

> Event excess in beam direction is clearly recognized in data

> Fair data/MC agreement in both muon and proton reco (for looser selection)
Using only TPC

- —— Run1 NuMI beam ON
8o Run1 NuMI beam OFF
r 1uNp Selection
NuMI 5.18E18 POT (10% of Runt) NuMI 5.18E18 POT (10% of Run1) 60
| Data (On-Off) - Simulation qN’ | Data (On-Off) - Simulation k=] u
0.14 - —_ L 175 40—
‘ S ol - NuMIbeam ON =322
012 5 [ 20— NuMI beam OFF =9
I ICARUS Preliminary c + ICARUS Preliminary B
0.1 -
- , @ o015 .
[ Looser selections | © Looser selections w i |
0.08 [ < e} ‘gE -I
L Z 2
L o] 2E n | |
0.06 | ! o3 05 0 0.5
0.04 | Reco cos(6,,,,)
I 0.05
0.02
: [ rdck
0 0 T
0 50 100 150 200 250 300 350 400 450 500 0O 02 04 06 08 1 12 14 16 18 2 p e N
Muon candidate track length (cm) p candidate track momentum (Gev) UML

NuMI Beam direction
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Conclusions

® ICARUS has been taking high-quality physics data in stable conditions, with both
Booster and NuMI beams, since June 2022:
total collected event statistics: ~2.5 1029 BNB, ~3.4 10°0 NuML.

® SBND is in the final stages of installation. Filling with LAr is expected in early 2024

® The comparison between near and far detector data will allow to exploit the full
capabilities of the SBN program, verifying the currently allowed region in sterile
neutrino parameter space with 5c sensitivity

® Both detectors will have a rich physics program besides the joint SBN measurement:

> Measurement of v-Ar interaction cross-sections in a range of interest for DUNE
(SBND will have unprecedented vu and ve statistics from BNB, while ICARUS will
be able to also detect a high statistics sample of vu/ve from off-axis NuMI beam);

> Search for sub-Gev Dark Matter signals and other BSM physics;
> ICARUS stand-alone verification of the Neutrino-4 claim

ICARUS and SBND are well on their way for
intriguing physics searches with SBN and beyond/
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Detector Physics measurements

® Accurate measurements of main detector parameters

with cosmic rays are improving the global
understanding of LAr-TPC detectors:

> electron drift velocity as a function of

temperature (measured from cryogenic
parameters). Confirms the expected linear relation

Drift velocity Vs T e EGast

® West
— REgression

1574 |

LAr

1572 |

Drift velocity (mm/ps)

1570 ] ICARUS

—— Nominal Response Fit Response i X
—— No-dQ/dx Fit Response - Data Prehmmal'y
® 1] Planel 38° <Oy <40° . . .
N 87.70 87.80
© dQ/dx bin 0 . ) ) Temperature (K)
E J\ > Data-driven fit of TPC field response allows
= 0 “c g . . . .
g \/ better description of signal shapes in all planes,
-1 : . : including for possible non-transparency effects
g 0.1 & % o
503 S s Ax? Scan Results
8 -20 ~10 0 10 20 5 10500
Time [us] 4.75 ICA]}U.S 9000
: Preliminary
. . 4.5
> Longitudinal (D.) and transverse (D+) T e s
. . « e . 2~ ’ o, 6000 ~
electron diffusion coefficients in LAr by E — 68%cClL .-
. . = 3.75
measuring the dependence of average signal < . Eh

width as a function of drift coordinate.

fl'f'.S'f Drmeasuremenf I'ﬂ 1-/-"5 E—f/'e/a’/'ange./ 5.875 6.5 7.125 7.75 8.375 9 9.625

T 95% cl

3.25 1500
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Angular dependence of recombination

The recombination of drift electron has been
accurately studied for both MIP (muons) and high-
dE/dx (proton) tracks as a function of the track
angle ¢ with the drift direction

The measured ionization density, compared with
expected Bethe-Bloch dE/dx, shows a clear angular
dependence for protons

This dependence is fitted to several possible
recombination models, extracting parameters

The results are compatible with previous ArgoNeut
ones, and favour an ellipsoid modified box model,
with a parameter B depending on the track angle ¢:

Correcting for this dependence allows significant
improvement in particle ID performances

Measured dQ/dx [ke ™ /cm]

Mod. Box 8
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52
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TPC reconstruction

® Two parallel approaches to track and

T I Decoding D luti ROI Finder
Ver"rex flndlng and evenT CIQSS|f|Ca1'|On: Unpack data and turn it NG led BN Find the interesting

into a raw form that can regions in deconvolve

H e used in later steps &electionios reeponses signals to look for hits
Pandora httos.//github.com/PandoraPFA et bt
and Machine Learning-based

Cluster3D

. . ; : Gauss Hits
https.//qithub.com/Deepl earnPhysics/lart Koop tits consisert. I i ormed om the
2 deconvolution chain
pC /77//’60030’ (SpacePoints)
® Both algorithms are developed on MC and __Pandora  Wytachine Leaming
validated on a sample of hand-scanned Recogniton Reco

events

Track Reco &

) downstream reco Shower Reco
Set of MC events with a muon and proton that like calo

pass some cuts on reconstruction. carus simulation
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https://github.com/DeepLearnPhysics/lartpc_mlreco3d
https://github.com/DeepLearnPhysics/lartpc_mlreco3d

