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Beam Excess

Short Baseline Neutrino (SBN) Program

arXiv/SBNProposal

Several persisting anomalies are hinting to oscillations at low
distances due to additional neutrino states with Am?~0(eV?)
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Short Baseline Neutrino (SBN) Program

Are there additional
sterile neutrino states?

electron muon sterile
neutrino neutrino neutrino neutrino ?

SBN is going to try to SBND MicroBooNE ICARUS

provide an answer by |
means ofseveral LAr (NN |

TPC detectors along
the Booster Neutrino
Beam (BNB).
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ICARUS Research Program

The SBN program is online and the first combined SBND + ICARUS results are expected for 2026, addressing
the sterile neutrino puzzle.
In preparation for the SBN analyses, ICARUS is able to:

* Investigate the muon neutrino disappearance along BNB, complemented with electron neutrino
disappearance study with the off-axis NuMI beam;

* Studyv, and v, interactions on argon and measure cross sections in the energy range of DUNE;
* Exploit the off-axis NuMI beam to investigate sub-GeV BSM signals.

ymposium on Large TPC for low-energy and rare event detection
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The SBN Far

Detector:
ICARUS-T600

ICARUS pioneered the LAr-TPC detectors,
proposed by C. Rubbia in 1977

Total (active) mass of 760 (476)
LAY tons.

Two modules:
3.6m X 3.9m X 19.9 m, total of

53248 wires.

Drift time of 0.96 ms (500 V/cm).

Photon Detection System (PDS)
composed of 360 PMTs.
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The SBN Far

Detector:
ICARUS-T600

ICARUS pioneered the LAr-TPC detectors,
proposed by C. Rubbia in 1977

Total (active) mass of 760 (476)
LAr tons.

Two modules:
3.6m X 3.9m X 19.9 m, total of
53248 wires.

Drift time of 0.96 ms (500 V/cm).

Photon Detection System (PDS)
composed of 360 PMTs.




ICARUS T600: Cosmic Rejection il - 541

ICARUS is installed at shallow death and exposed

to a large cosmic activity:
 1vevery180 (53) spills* for BNB (NuMI)
* 1 cosmic uevery 55 (6) spills* for BNB (NuMI)
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ICARUS is installed at shallow death and exposed
to a large cosmic activity:

 1vevery180 (53) spills* for BNB (NuMI)

* 1 cosmic uevery 55 (6) spills* for BNB (NuMI)

A Cosmic Ray Tagger System (CRT) encloses the
detector, providing good spatial (~cm) and timing
(~ns) information of the entering cosmic.



ICARUS T600: Cosmic Rejection e

First layer of concrete overburden

ICARUS is installed at shallow depth and exposed
to a large cosmic activity:

 1vevery180 (53) spills* for BNB (NuMI)

* 1 cosmic uevery 55 (6) spills* for BNB (NuMI)

A Cosmic Ray Tagger System (CRT) encloses the
detector, providing good spatial (~cm) and timing
(~ns) information of the entering cosmic.

Cosmic y’s and neutrons are suppressed by a 3m
(6 m water equivalent) thick concrete overburden
on top of the CRT.

- The cosmic ray rate per Top CRT module
0.45§_H,.,,4,,.H., SU—— L decreased from 600 Hz to 330 Hz along Wlth the

) — ‘;"?{, ... deol
I i e concrete deployment.

I

0.25F A. Aduszkiewicz et al 2025 JINST 20 T04002

02/27/ 03/29/22. 04/28/22 .
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https://iopscience.iop.org/article/10.1088/1748-0221/20/04/T04002
https://iopscience.iop.org/article/10.1088/1748-0221/20/04/T04002
https://iopscience.iop.org/article/10.1088/1748-0221/20/04/T04002

Eur. Phys. J. C 83, 467 (2023)

ICARUS Operations: neutrino collectlon

ICARUS has been in continuous operations since 2020 with remarkable stability!

Collected Protons on target (PoTs) | BNB (FHC) NuMI (FHC) | NuMI (RHC)

Run-1 (June - July‘22) 0.42 - 102°
Run-2 (December ‘22 - July ‘23) 2.13 - 1029
Run-3 (March - July‘24) 1.36 - 102°
Run-4 (December ‘24 — July ‘25) 3.63 - 1020
Run-5 (October ‘25 - ongoing) 0.80 - 1029
Total 8.34 - 1020

Data taking has been on-going smoothly with beam efficiency > 98%,
with an overall dataset of ~ 1 milion of neutrino CC interactions.

3.53-10%9 2.82.102%°

0.69 - 1020
2.84 - 1020 -
- 2.82 - 1020

v, CC candidate with shower activity from BNB
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Detector performance: cryogenics

Measured electron lifetime since beginning of operations

Electron Lifetime [ms]
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A QE Electron neutrino candidate
The cryogenic/purification system performed c Stopping upward
smoothly with good electron lifetime during 2 ‘going hadron,
physics runs. £ W A
This allows excellent track detection and good £l 4
calorimetry in the whole drift volume. @ e S
O : Vol 4...1“ i o
2 Electron shower '
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Detector performance: trigger

The event trigger system is based on a majority
requirements of 5 fired PMT pairs in coincidence with
the beam spills. The trigger efficiency saturates at
100% above 400 MeV.

[CARUS Data
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A complementary trigger (based on the total light
signal) was included from Run3 to increase efficiency
at low energy.
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https://iopscience.iop.org/article/10.1088/1748-0221/20/10/P10044

Counts /2 ns

Detector performance: timing

* The good resolution of the light (inner PMTs) and CRT system
and their relative synchronization allows to distinguish
entering and exiting particles by means of the time of flight.

* The recording of the RWM signals from the beam in
combination with the light allows to fully reconstruct the
bunched beam structure.
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Detector performance: TPC

Collection Plane Flanges /Induction 2 Plane Flanges / Wire Supports Run 1 Collection Plane TPC EW
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ICARUS First results: Cross Section

The NuMI off axis flux at ICARUS allows to record high statistic of quasi-elastic, resonance and deep inelastic
scattering for both v, and v,. With the available statistics (3.53 - 102%° pots in FHC) we expect ~200k v, and

~10k v,. At ICARUS we are able to cover the first oscillation peak expected at the DUNE far detector.

In our first analysis we targeted v,,CC candidates with 1uNpOm in the final state.

v, V, from NuMI at ICARUS Ve, Vo from NuMI at ICARUS Oscillation probability at DUNE
ICARUS Simulation Work In Progress 3.32x10° vs/6e20 POT ICARUS Simulation Work In Progress 17.3x10° vs/6e20 POT
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ICARUS First results: Cross Section

The signal box was opened, with an overall exposure of 2.5 - 102 pots in FHC.

The cross section was measured as a function of the transverse kinematic imbalance variables (6py and ar).
This measurement at higher energy on argon fills a still missing gap.
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Note: more models and variables have been tested, the final paper is under submission.
For those who have access to FNAL database: docid=43825 (colloquium from J. Kim and B. Howard)
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https://sbn-docdb.fnal.gov/cgi-bin/sso/RetrieveFile?docid=43825&filename=ICARUS_XSec_Colloquium.pdf&version=4

ICARUS First results: Dark Sector

The NuMI off-axis beam allows to pursue searches in many BSM models.
The first focus has been dark particles coupling to SM through Scalar portals (Higgs portal and Heavy QCD
axions). A first set of searches have been performed targeting BSM particles decaying into di-muon channels.

uu event

ICARUS NuMI data
preliminary

M pu’ 252 MeV

12th Symposium on Large TPC for low-energy and rare event detection
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ICARUS First results: Dark Sector

The NuMI off-axis beam allows to pursue searches in many BSM models.
The first focus has been dark particles coupling to SM through Scalar portals (Higgs portal and Heavy QCD
axions). A first set of searches have been performed targeting BSM particles decaying into di-muon channels.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.151801

ICARUS First results: v, disappearance

ICARUS standalone data taking on BNB can be used to perform a v, disappearance analysis, this was done with

Run2 Data.

The selection targeted QE-like v, interactions with 1uNp in the final state topologies and fully contained particles.
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Bethe o ~ s
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35

Proton Data

Muon Data
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v(-u--o---------n-a-----.-------------o-.-.-.--c-----o----ou-------u---o---oo-----n-o--.-.--.----n--------o------‘ -----
1.8 m Wires

From C. Farnese Neutel 2025 ICARUS

We performed two almost independent
selections: Pandora (semi-analytical
reconstruction) and SPINE (Machine
Learning based).

Both selections achieved good level of
purity, with SPINE being the most
efficient.

Pandora: efficiency 48.5%, purity 82%.
SPINE: efficiency 82%, purity 91.5%.

12th Symposium on Large TPC for low-energy and rare event detection 19
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Fractional Uncertainty

Fractional Uncertainty
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ICARUS First results: v, disapearance

With a single detector analysis, the resulting systematics are dominated by cross section and flux.

Pandora

| detsyst —fluxsyst —xsecsyst
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SPINE
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Fractional Uncertainty

Fractional Uncertainty

ICARUS First results: v, disapearance

With a single detector analysis, the resulting systematics are dominated by cross section and flux.
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ICARUS First results: v, disapearance

With a single detector analysis, the resulting systematics are dominated by cross section and flux.
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ICARUS First results: v, disapearance

With a single detector analysis, the resulting systematics are dominated by cross section and flux.

Pandora 10% Run2 Data - MC comparison
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dataset.
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lower level variables for both SPINE and Pandora selections. in Progress

The oscillation fit has been performed.
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SBN: a near/far detector joint program

The next phase of the experiment is the combined analysis with SBND to achieve the world leading sensitiviy in
v, disappearance and v, appearance channel, trying to provide a definitive answer to the sterile neutrino puzzle.

In the joint program, detector systematics will become dominant.

Disappearance sensitivity Appearance sensitivity

SBN Preliminary SBND (6.6e20 POT) MicroBooNE (13.2¢20 POT) ICARUS (6.6e20 PC

2> > SBN Preliminary SBND (6.6e20 POT) MicroBooNE (13.2¢20 POT) ICARUS (6.6¢20 PO
(.{]—\10 ET T T TTTI T T T L A J_oTTTTH /-\10 L B B B R TR U R T T T T T T T TTTTH
> » ni i el ‘2 e A F " B
- jected Point, 7’ . ] > — .
L - + Sjn?ew =0.07, /\ : - O C .' Injected Point, i
~ - Amd, = 1.32 V2 P o . b L - ]
- ; L I// ) .. 4 — . + sin"20,.=0.003, i
E ----- 90% MINOS/MINOS+ .JJ I B Nér & Amj, =132V’
<] 10 ... 90% MiniBooNE // ! " ey T 10 0 =
Coo 90% IeeCube .+ /) P < = W 3
- 99% leeCube .~ V4 T C B MiniBooNE (v) 99% CL |
L . 4 .3
i : [l ] i 2 - - KARMEN 99% CL ]
¥ B ' 7
B \\ ; B Y LSND w/ DiF 99% CL
1 = § ‘e = 1 — -
c N . F E
r RN -] = 3
i 7] 50 SBN Stat-Syst "~ - - - ' 7 N i
| £ so SBN Stat-Only & ~ ] L -
1 w3 S |
107 E R SN 10—1 -
= 50 SBN Stat+Syst N el = E  —— 50 SBN Stat+Syst
[ — - 90% SBN Stat+Syst RS ] E - -~ 999% SBN Stat+sSyst
— = 90%SBN, Increased POT Projection: N, i [ === 99% SBN, Increased POT Projection: R i,
SBND (9¢20) MicroBooNE (13.2¢20) ICARUS (14¢20) . B o 3y
10—2 Lol Lol L gl L1111 T ) (e'l') HeroRooNE ( "l—e') ( e.—l)
_3 _2 —l s | L1 1L 1111 | Ll L ELLL | . R 1 |
10 10 10 1 10

sin?260 107 107 107 107! 1
. . 2.9
12th Symposium on Lar8¥ TPC for low-energy and rare event detection sin 26ue 24



Conclusion

« The ICARUS detector has been in continuous operations since 2020, becoming the longest continuously
operating LArTPC for more than 5 years and it is expected to keep running until 2028.

* The collaboration worked intensively to constantly improve our detector and our reconstruction, allowing a very
efficient data collection.

« The enormous dataset collect so far is being studied and analyzed to produce physics results of great interest for
the whole LAr comunity.

 The off-axis NuMI beam offers the oppurtunity to measure cross sections in the DUNE energy range, first
measurements have been reported.

« A first study of Sub-GeV dark particles have been completed, the first exclusion plots have also been reported.

* A study of v, disappearance along the BNB with ICARUS alone has been performed, the signal region has been
fully unblinded and the fitting procedure completed; results are to be released soon.

 |ICARUS and SBND are now able to move towards the next phase of the SBN program. Expect the first results in
2026.
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