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2& Persisting anomalies in the neutrino sector

> V, appearance: LSND experiment with v, beam saw The LSND Anomaly  § ..,
anexcess v, » etnat3.8 0. wevpmmbeamfmm i
LANSCE accelerator :

> Vv, disappearance: SAGE, GALLEX experiments B s s
with Mega-Curie K-capture calibration sources @\*\ SEe
showing an observed/predicted R = 0.84 + 0.05, i

04 06 08 1 1.2 1.4
L/E, (meters/MeV)

recently confirmed at 40 by BEST exp.
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» 7V, disappearance: in near-by nuclear reactor Lietvy, % Saw an excess of v, :
. 87.9 £22.4 + 6.0 events.
experiments RAA, R = 0.934 4 0.024, but study of Oscillations? B AR G
1 an oscuiation probapi 0
fuel burnup cycle from Daya Bay, RENO, STEREO to signal: V, —e*n (0264 + 0.067 + 0.045)%.
reconstruct contribution of main isotopes: hint of L. np— dy(22mev) 3.8 o evidence for oscillation.
vy - o e ey g
hypothesized by Bruno U, U, U, U, Set e T ™ —
vy vy vy vy U= Y %’ 2 s B B2l T .
Pontecorvo ina 1957 m m md | m u, U, U, U, § L - eawamso
: | Q98| =i
seminal paper... Amiy Aming Amdy, U*] U_,] Uﬂ_'q UH °+ A e :
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2= New evidence for v, ;. at reactor?

* |n 2019 Neutrino-4 experiment (A.P. Serebrov et al.) at Dimitrovgrad SM-3 reactor gave evidence of v
oscillation into vg.rije Showing a disappearance signalwith aclear L/E ~1 — 3 m/MeV modulation.
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Combined analysis: Neutrino-4 (P.R. D 104, 032003, 2021), GALLEX, SAGE and BEST
Am?, = 7.3 eV?, sin?26,, = 0.36 at 5.8 ¢ C.L. (A.P. Serebrov et al. arXiv:2302.09958).
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3¢ Vsterile PUzzle

* Several experiments at accelerators and reactors to study “v anomalies” both in appearance/disappearance:

> Large part of LSND parameters (vﬂ - ve) excluded by ICARUS and OPERA at CNGS v beam. MiniBooNE at
FNAL saw a low energy v, event excess not confirmed by MicroBooNE.

> No evidence inv, disappearance experiments (IceCube, NOvA, MINOS/MINOS+,T2K).

« Cleartension between appearance/disappearance experiments characterized by different v detection
techniques and v energy spectra.

&
2
<
o
O
)
<
—|
o
=
g
o
L
-
[§Y]
Q
)
<
—
<
=i
O
<
Z
=
o
L
L.

e Ve Appearance v, — V, Appearance v, Disappearance
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SBN Program at Fermilab



Short Baseline Neutrino (SBN) Program at FNAL

ICARUS = B MicroBooNE ™ W‘ '

>
o
=
<
o
O
m
<
=
o
=
<
04
w
=
L
O
O
<
=
<
7
O
%
=
=
0 4
L
T

Same Technology: Liquid Argon Time Projection Chamber (LArTPC)

Same Source: Booster Neutrino Beam (BNB: 93.60% v, /5.86% 17” /0.52% v, and 700 MeV peak Energy)
Near Detector (SBND, 110 m, taking data since 2024): Measure v's before they oscillate, provide precise
information on the initial beam composition and energy

Far Detector (ICARUS, 600 m, taking data since 2022): Have non null oscillation probability

Main goal: Search for v, and solve the vg o0 PUzZle (+ cross section measurements and BSM
Searches)

Two v Beams: BNB + NuMI (ICARUS only)




3E v .. Sensitivity, 3years (6.6 x 10%° pot)

Combined ICARUS (FD) and SBND (ND) data analysis using the same LArTPC event
imaging greatly reduces expected systematics:

» Initial BNB beam composition and spectrum provided by SBND

» High v, identification capability/NC background rejection provided by LArTPC

v, disappearance Vv, appearance Vv, disappearance
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v' 50 coverage of the parameter area relevant to LSND anomaly
v" Probing the parameter area relevant to reactor and gallium anomalies

Unique capability to study v
appearance/disappearance
simultaneously
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ICARUS at SBN Program




2= Liquid Argon Time Projection Chambers

From an idea of Carlo Rubbia (1977), LArTPCs are ideal detectors for v physics: they allow to have
simultaneously an energetic reconstruction of the events and a 3D image of v interactions

Sense wires Sense wires
U vy UV Y Vplane waveforms
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LAr-TPC
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Y plane waveforms

* Charged particles generate excited argon molecules that emit light:
» Fast component (t < 2 ns): identify time of neutrino interaction (Trigger: arXiv:2506.20137).
» Slow component (t ~ 2 — 3 us): energy measurement.
* Charged particles ionize argon: 42000 e~ /MeV and the 500 V/cm Electric Field drifts the e~ (1.6 m/ms)
towards the anode where wire planes are used to generate 2D images of charged particle tracks.
* 2D images are combined into 3D trajectories with mm resolution.
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Cryostat West

2= ICARUS at Fermilab

Cryostat East

E
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Wire planes

ICARUS T600: the first large scale LArTPC ever built with 760 tons of pure LAr, 470 tons active mass
After 3-year physics run at LNGS and intensive overhaul at CERN, ICARUS was moved to Fermilab

2 cryostats (3.6 X 3.9 x 19.6 m3) with 2 TPCs each and a central cathode (1.5 m drift, E; = 500 V/cm)

3 wire planes per TPC: total of 54000 wires at 0*, +60° with 3 mm pitch to measure ionization signal
360 PMTs behind the wires to measure scintillation light and provide trigger (300 ps resolution)

LAr/GAr purified by copper filters and molecular sieves for water absorption
2.85 m concrete overburden to suppress and external Cosmic Ray Tagger (CRT) to tag cosmic ray
background

See my talk “Improving ICARUS track reconstruction algorithms” for further information.
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2= Cosmic ray background mitigation

A new experimental challenge: a LAr-TPC on surface

 |CARUS exposed in a pitto cosmic rays:
» e~ produced by y's via Compton Scattering or Pair Production can mimic
a genuine v,CC event = Cosmic y's and neutrons suppressed by 2.85 m
concrete overburden installed above the Cosmic Ray Tagger (CRT).
» Cosmic u's can mimic a genuine v, CC event = they are identified in
time/position by 47 CRT double-layer scintillation bars (1000 m?) with
an efficiency of 95%.
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2= ICARUS Operations and Data Collection at Fermilab

ICARUS data taking for physics started in

June 2022: L fotal BNB: 7.54€30 POT

> 4 physics runs completed. | sz /

> Steady data taking, excellent stability at | e 2230 0T
BNB rates > 4 Hz, > 90% live time.

» Highly pure liguid argon: free e~ lifetime
7 _ 8 mS z full traCk detection effiCIenCy 7 | | :., ................... RS S
in the 1.5 m drift (1 ms). e ' K '

» Trigger: light signal registered by 4 PMT .
pairs in a 6 m detector slice in coincidence L

~

102° POT

Start RUN-1
End RUN-1
Start RUN-2
End RUN-2
Start RUN-3
End RUN-3
Start RUN-4
End RUN-4
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with BNB (1.5 ms), NuMI (9.5 ms) beams. Run1 Run 2 Run3 Run4
Cosmic BNB (FHC) NuMI (FHC) NuMI (RHC)
i o Collected PoT positive focusing | positive focusing negative focusing
RUN-1 (Jun - Jul 22) 0.41 x 10%° 0.68 x 102° -
RUN-2 (Dec 22 - Jul 23) 2.06 x 1020 2.74 x 1020 -
RUN-3 (Mar - July 24) 1.36 x 1020 - 2.82 x 102%°
RUN-4 (Dec 24 - today) 3.71 x 10%° - -

TOTAL 7.54 x 1020 3.42 x 1020 2.82 x 1020
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ICARUS Physics Results




2= ICARUS Research Program

DATAD\V
ORATORY

)4
D\ an

* SBN joint (SBND+ICARUS) physics program: address the question of sterile neutrinos with the
BNB beam by comparing v, and v, interactions at different distances from the target, as measured
by ICARUS and SBND LArTPCs.

* Before performing the joint oscillation analysis with SBND, ICARUS is now focusing on a standalone
physics program:
» Analysis of the v, disappearance channel with BNB, to be complemented with v,
disappearance from NuMI beam data to verify the Neutrino-4 experiment claim;
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» Study of v, and v, interactions from the NuMI beam to measure v-Ar cross-sections and
optimize event reconstruction in the DUNE energy range.

» Search for evidence of Beyond Standard Model physics in other channels using NuMl data. A
channel was already explored: dark matter decay in a di-muon state (Phys. Rev. Lett. 134
(2025) 15, 151801).

* Blinding policy established to ensure robust and unbiased interpretation of the collected data:
analyses are initially validated with a subset of collected data.




2% v, Disappearance Analysis with BNB Beam Data

Residual cosmic background < 1%!

* Selection of fully contained v,(C A
events with 1u+N protons in the final 9%
state (event kinematics extracted from 5 A.b ©
range measurements): = 0(\\/
> PMT light signal within 1.6 ms — N

beam spill in coincidence with
reconstructed TPC tracks, No CRT
signal;

» A muonwith Lg > 50 cm;

» N = 1 protons with E;, > 50 MeV
(Lgri > 2.3 cm);

» No additionalm ory.

Ev~0.56 GeV
PT ~0.14 GeV/c
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\ - Proton L=4.4 cm oo s

* Flux, cross section and detector systematic uncertainties have been included:
» Preliminarily, the impact of detector systematics is evaluated comparing calibrated and uncalibrated
MC samples; the ongoing simulation improvements reducing residual Data/MC discrepancies are
expected to reduce also detector systematics;
» Substantial cancellation of cross section and flux uncertainties and of common detector
systematics is expected in the joint SBN analysis.




2% v,, Disappearance Analysis with BNB Beam Data

Two independent analysis
streams considered, respectively
based on:

» Pandora pattern recognition
(~50% efficiency and ~80%
purity for the signal,;

» Machine Learning (ML) SPINE
reconstruction code: ~75%
efficiency and ~80% purity
for the signal.

10% of RUN-2 data analyzed.

Data-MC agreement for all
studied event kinematic variables
within systematics.

Next analysis steps: full dataset
unblinding and oscillation fit.
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Cross-Section Measurements with NuMIl Data

* Huge statistics to measure v, and v, cross-sections with different types of interactions (available data
~3.42 x 102° POT for physics analysis now: expected 188000 v, and 9600 v, events).
* First analysis targets 1u + Np + Om in the final state:
» Signal definition: 1u withp > 226 MeV/c, any proton with 400 MeV < p < 1 GeV, no pioninthe
final state;
» Flux, interaction model, and detector systematic uncertainties included;
» Angle between u and leading p encodes information about Final State interactions;
» Transverse kinematic observables sensitive to Initial and Final State effects.
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2& Investigation of Dark Sector Models with NuMI Data
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* Rich BSM search program (light DM, Heavy Neutral Leptons, Higgs Portal scalar, tridents and more)
can be pursued by exploiting the off-axis NuMi beam.
* Models considered so far involve dark particles coupling to SM particles via Scalar Portal Interactions:
» Higgs Portal Scalar: Scalar dark sector particles, interactions by mixing with Higgs boson
» Heavy QCD axion: Pseudo-scalar particles, interactions by mixing with pseudo-scalar mesons

M#P: 311 MeV A typical event in the sigda/

* [CARUS performed a first search for a new box

particle decaying into uu. ICARUS
* Events with 2 stopping muons are selected Data
to reconstruct the scalar mass peak.
* Signal expected at small angle to the beam
(Onumr < 5 degree). clear final state,
* Flux, interaction model and detector easily reconstructed
systematic uncertainties included.

FERMINATIONAL ACCELERATORL,

Preliminary

Phys. Rev. Lett. 134, 151801 (2025) Strategy: select stopping muon-

like events which will have a
resolvable mass peak




2= BSM searches with NuMI Data: Results

- Open box result: 8 events observed, compared to
MC expectations of 8 events mostly from v, CC
coherent T production.

- No New Physics sighal observed.

_ . Higgs Portal Scalar Exclusion
Heavy Axion Exclusion
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Phys. Rev. Lett. 134, 151801 (2025)
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2% Conclusions

* [CARUS is smoothly running in physics mode since June 2022, exposed to the BNB and NuMl v
beams, already collected > 7 X 102° POT with BNB and ~3 x 10%° POT with NuMI both positive and
negative focusing.

 The detector is calibrated with cosmic muons and protons from v interactions, electronic response
and physical properties have been accurately qualified and are being fully modeled in simulation.

*  While waiting for the joint operation within SBN, several single detector analyses are quite advanced:

FERMINATIONAL ACCELERATORLABORATORY

A. Study of v, disappearance with the BNB beam (Neutrino-4 claim), almost ready for the full signal
unblinding;

B. Measurement of v,-Ar cross-sections with NuMI beam (for DUNE), almost ready for the full
signal unblinding;

C. Search for Sub-GeV Dark Matter candidates in NuMI beam. A first analysis with di-muon final
state topology has been completed (Phys. Rev. Lett. 134 (2025), 151801).



2= ICARUS Collaboration at SBN
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2= Neutrino oscillations

* Two-Generation Mixing v, — vg over a distance L: lepton flavor violation process is described by
the mixing probability of the mass eigenstates v4, v, as a function of the quadratic mass difference
|Am?| = m? — m% and the coupling amplitude sin? 26.

2 2
P(ve = vg) = sin®(26) sin? (1.27”” Llev ][Km]>

E  [GeV]

. P(va - vﬁ) is an oscillating function. At any distance L + nA, n being an integer number, the
transition probability acquires the same value. The mass splitting determines the frequency and
the mixing angle the amplitude.
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Oscillation length:

A =247
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3¢ Neutrino Oscillations S
:
. . . Am? = m2 2 &
« Transition probability v, — v over a distance L: a v produced m==m; —my 2
: : : . . &
in one flavor eigenstate (e, u, 7) will oscillate to another as it Normal Ordering i, Inveted Ordering E
propagates: «
A ZL[ VZ][K ] & i |Tﬂr 'F![ i lE d
m-L |e m O
P(v, = vg) = sin?(20) sin? | 1.27 Solar Q
(va = v) (20) ( E  [GeV] ) -1 e 3
Atmospheric | . |E 2
« 3-flavour Lepton Mixing Matrix of Pontecorvo-Maki- ~ 107 eV* i é
Nagatawa-Sakata (like CKM matrix): 3 Euclid mixing angles Wml Amashed =
. . 05 C
6;; + 1 CP-violating phase 6. Y, : |:]r 03V E
' Solar =
1 0 0 C13 0 5‘|3E_'-E cp spp 0 107 eV?
5 1 Y 1
Umns=| 0 23 533 | X 0 1 0 X| —spp ez 0 M ' ; do Ml n
0 —573 13 —.!i'|3e‘,’iﬁ 0 C13 0 0 1 Ve FP Y
atmospheric reactor solar v mass hierarchy?
Cij=COSHij Sij =Sin9ij

6cp Matter-antimatter asymmetry?

sin? 20,,~0.3,sin? 20,5~0.5, sin? 260,3~0.1 determined in 20 years experiments!




3= Possible experiments

 Assuming a pure beam of known flavour, we distinguish two kinds of experiments:
* Disappearance experiment: look to see how many v's have disappeared. The key issue are:
» Incoming v flux;
» Efficiency with the event detection.

* Appearance experiment: search the number of v's of a different flavour at the detector. The
v flavour is defined by the charged lepton which is produced in its charged current
interactions. The key issues are:

» Incoming v flux;
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» Efficiency with the event detection;
» Energies kinematically above the lepton mass threshold.

 Both kinds of experiments require probabilities large enough than events can be
observed in a reasonable amount of time = Maximize P(va - vﬁ):

L 1 1.2

12 Am?




SBN @FNAL: L/E Optimizati :
4= @ : ptimization S
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2= Detector Calibration and Modelling :
<
(02
O
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This is like simulating the
lens distortion incorrectly!
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2= Detector Calibration and Modelling S
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Particle Charge Deposition Profiles Particle Energy Loss: Profiles 0

3501 . Particle Type Particle Type é

+ Kaon 40 - + Kaon (@]
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esidualRange[cml  Recombination correction Residual Range [cm] w

translates charge (dQ/dx) to energy (dE/dx)

Bragg peak

10 cm

This is like performing color correction on an image!




2= Detector Calibration and Modelling

&
=
<
(0
2
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v interactions including a new angular dependent 17.5 . ® Muon o
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Neutrino Candidate Reconstruction

N - /'—_\.
e Decoding ] [Hit Fiqding) ,/{P andora reco = )
N T !30 cluster - I Anaysis
D lut G fit SPINE reco
: [ econvolu |on] ( auss \{ \]—/
Raw data
« Two reconstruction frameworks to BNB v, CC candidate

characterize v events:
» Pandora, pattern recognition software
widely used in LArTPC
» SPINE, entirely based on ML techniques
* Continuous effort to improve reconstruction
and data/MC agreement
* Validation using visual scanning:
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.9 m drift direction

: . . o™
» Interaction point (vertex) reconstruction. c(‘/“
» Agreement between light and char S cosmic tracks
sigg::l bZrch?qte(ra: alogng lingitu;fael " 2 proton tracks T
Y- 2.1 m wire S

(beam) direction within 1 m.
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