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The Short Baseline Neutrino (SBN) at FNAL

* Measuring both appearance /disappearance in the same experiment with a detector capable to clearly identify

neutrino events and reject the background is mandatory to disentangle physics scenario

* Far to near detector neutrino spectra comparison and same technology are crucial ingredients for the control of

beam, cross-section and detector systematics

* The Short Baseline Neutrino (SBN) program at Fermilab satisfies these requirements: it could have a crucial role in

solving the sterile neutrino puzzle!
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The SBN Physics Program

Exploit the unique capability to study both neutrino appearance and disappearance
channels simultaneously to search for sterile v oscillations

V, apperance V,, disapperance v, disapperance

SBN Preliminary SBND (6.6e20 POT) MictoBooNE (13.2¢20 POT) ICARUS (6.6¢20 PO SBN Preliminary SBND (6.6e20 POT) MicroBooNE (13.2¢20 POT) ICARUS (6.6620 PO SBN Preliminary SBND (6.6e20 POT) MicroB ooNE (13.2¢20 POT) ICARUS (6.6620 PO
2 Y 2 Y 2 Y
Ve E T T T TTITTT T Ty TTT7T1T T T T 1717177 T T T 717111y N E T T T T LI T T T T L ET T T T 11717 T T T T T11T1T T UL T J T TTTH
[ I I
N> E ' 3 N> E 3 E -~ : 3=
£ ’ R
E Injected Point, ) )
(] r (] Injected Point, Injected Point,
— + sin®20,, =0.003, - +  sin®20, =04,
L u L ee .
o o= w26 —o + sin®20,, =007,
e =0s
10 — 10 Anf,=36V? 10 amd-132ev?
E O E ] E -o-es 90% IceCube".,
- .
[ emees MiniBooNE (V) 99% CL  ~ %y S, 7 [ mmee- T2K/ND280 excluded 95% CL ~— ~ === 99%TeeCube oo
=== KARMEN 99% CL o= 7 [ EZZi T2K/ND280 allowed 90% CL ] [ e 90% MiniBooNE
10_1 | £S5 LSND w/DIF 99%CL 10_1 5555 T2K/ND280 allowed 68% CL ] 10_1 | o= 90% MINOS/MINOS+
E === 99% SBN Stat+Syst E — = 90% SBN Stat+Syst E — - 90% SBN Stat+Syst
[~ = 56 SBN Stat+Syst Seal - = 5G SBN Stat+Syst - = 50 SBN Stat+Syst
L . L L
L 50 SBN Stat+Syst Tl | EE3) 5o BN starsyst L 56 SBN Stat+Syst
#80% 50 SBN Stat-Only H251 50 SBN stat-Only 1 50 SBN Stat-Only ..
10—2 Ll R Ll L 10—2 ! R R 1 Ly 10—2 Lol Lol R R LT
—4 -3 2 —1 —2 ~1 -3 2 —1
10 10 10 10 5 1 10 10 ) 1 10 10 10 5 1
sin~26, sin“20,, sin“2,,,,
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 |In addition: high-statistics v-Ar cross-section measurements in view of the DUNE exp.
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The ICARUS Detector: LArTPC

First proposed by C. Rubbia in 1977, LArTPCs are high granularity uniform self-triggering detectors with 3D imaging and

detector for v physics

calorimetric capabilities, allowing to accurately reconstruct a wide variety of ionizing events with complex topology: ideal
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3 readout wire planes per
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detecting scintillation light by
particles in LAr
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E-field cage, E = 500V/cm
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Cosmic Background Mitigation

that can fake neutrino interactions

The ICARUS-T600 Liquid Argon Time Projection Chamber is operating at
Fermilab at shallow depth and thus exposed to a high flux of cosmic rays

10.48550/arXiv.2501.03034
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Cosmic y’s and neutrons are suppressed by 3 layers of
concrete (overall ~2.85 m thick) overburden installed

on top of the CRT
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* Data taking started on June 9th 2022 with TPC, PMT and _°
CRT systems fully operational 3 S s S —
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Event Reconstruction Chain
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Objects for kinematic

reconstruction and

event analysis.
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Example of Neutrino Event

ICARUS Run 9435, Event 15326
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ICARUS Performance: Calibration

10.1088/1748-0221/20/01/P01032

* TPC wires signals have been accurately e A 40" < B0 < 60"
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& 5/ Plane ] E | Plane
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ICARUS Performance: Timing

* Time-of-flight rejection of incoming cosmic rays using the
external CRT and the inner PMT system

e Reconstruction of BNB and NuMI beam bunch structures:
neutrino event time (PMTs only) with respect to the proton beam
extraction time (RWM counters) after rejecting incoming cosmics
(CRT) and correcting for v flight distance.

Work in Progress

o

~1.6 us BNB spill

BNB, 2.43e19 POT

Entries/Triggered events

ICARUS Work in Progress
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accelerator cycle
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g 5 L to v beam ﬂ]]] %%HW w ]
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@M -0 €0 40 -20 0 20 40 100
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ICARUS Data

Work in Progress

Light Only
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ICARUS Physics Program

 The main goal of the SBN program is addressing the issue of sterile neutrinos

* Before the start of joint operation ICARUS is focusing on standalone physics program:

Neutrino-4 claim

A Observed, 24p, 500 keV
o Am® =734 V7, 5in’(20) = 0.39

in
T T
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—48
]

An =734V sin’(20)=039 4% DoF 16825 GoF 0.89

L Uiy  yYDoF 301527  GoF 03]

1.0 LS 2.0 25 3.0 35 4.0 45
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e
n

v, disappearance with BNB beam, and

Vv, disappearance with off-axis NuMI
beam

BNB v, event selection:
ready and validated

v-Ar cross-section

(n) All events

MicroBooNE Dala
6.79 x 10 POT
f Stal@Shape @ Norm

40! [ .

12 F
e ot giseonn
Sl | -
J.'t ! c!
e I L] NuWro (12,571
o !
ol & ‘ ?.’." t
& 10l .
‘3‘.:, 1) :"..j‘W A
sl
R Y
()* crm - - - PO
0 0.2 04 0.6 0.8
6p‘ |GeVic]

Study of v, v, NuMIl events to
measure V-Ar cross sections.

Event selection ready, sidebands
studied for a subset of data

BSM search

Search for sub-GeV Beyond Standard
Model signals in NuMI beam

Signal box opened for uu decay
channel

e |CARUS established a blinding policy to ensure robust and unbiased interpretation of the

collected data; analyses are initially validated with a subset of collected data.
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g‘i AXNUNUY
ﬁﬁ_ WORK |

IN PROGRESS !

* Simple final-state topology with selection criteria designed to minimize our sensitivity to imperectlons
in the detector calibration and event reconstruction algorithms

a

* Fully contained v,CC events with 1 u + N protons (1uNp):

e PMT light signal in the 1.6ms beam spill window
correlated with TPC tracks, no CRT signal in coincidence

* amuon with L, >50 cm and at |east one proton track s 1“Np
with E, > 50 MeV (L, > 2.3 cm) fully contained " candidate
and |dent|f|ed by PID scores based on dE/dx s

* no additional &, y

1 m Drift |

E,~ 0.56 GeV
p; ~ 0.14 GeV/c

* The global event kinematics is obtained from range e e e
o i 2 |
measurement of p and p. ' >

e Residual cosmic backgrounds < 1%

* Flux, cross section and detector systematic uncertainties included:
* Detector systematics evaluated comparing calibrated and uncalibrated MC samples
flux / cross section / detector ~ 10% / 15% / 15%

e Substantial cancellation of cross section and flux uncertainties and of common detector systematics is
expected in the joint SBN analysis; INEN
B

OLOGNA

Istituto Nazionale di Fisica Nucleare
Sezione di Bologna
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1uNp analysis R

* 10% of RUN-2 data analyzed: ~ 2 x 10*° pot

e s taritock som - 36UIN1952

ozs JCARUS Work in Progress _ICARUS Work in Progress
* Two independent reconstruction - -Dses | B oo =11
approaches: = =L, 3 =i
* Pandora: pattern recognition algorithm T‘E jg :
* SPINE: Machine Learning-based 5 Pandora | S °= Paridons
reconstruction oos

e —— R ——
02 04 06 08 1 12 14 16 18 2 22 24 0.1 0.2 0.3 04 05 0.6 0.7 0.8

° Data-MC agreement for a” StUdied Reconstructed neutrino energy [GeV] Total transverse momenta [GeV/c]
. . . . . ICARUS Work in Progress ICARUS Work in Progress
event kinematic variables within s i s B = T R
. S E | g = e B ot eyl
systematics uncertainties S ol 2 Sk {8, i
- - @ Total MG Uncertainty | O - s T:talMC Uncerlas'nfyg
(5] - 1 @ =z
i ot 18 :
. O ; \ = 1 ®
ngoing: E ol 1 E
3 ) = 12
* increase the studied data sample SPINE
* dataset unblind foreseen soon : _
500 1000 1500 2000 2500 3000 > 600 1000 1200
Reconstructed neutrino energy [GeV] Total transverse momenta [GeV/c]
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Neutrino cross-section measurements with NuMl ¢ ,‘ﬁ‘é&ﬁ?“

,\’é‘:‘l"&
* High statistics from NuMI beam (currently available data 3.42 x 104" pot)
to measure V-Ar cross section:

 QE, resonance and DIS, for electron and muon neutrino
* Expected 332k v, CC and 17k v, CC interactions in 6 x 104° pot

ve, vV, from NuMI at ICARUS Vu, Vy, from NuMI at ICARUS Oscillation probability at DUNE
ARUS Work in Progress 17.3x10° vs/5020 POT ano0 CARUS Work in Progress 332x10° mhanfor, T ——————————r—
! ésrn: ¥3.04.00 ,{uzé,:c' boooo T T T T ey e by hctvo Vot ] F GENIE v3.04.00: AR23_20i 00_000 | 3 v, 5.5 AV, py > 226 MeVie | r __ un-oscillated
[ Flux weights appiied . CE 41% ] 17500 Flux. XSec weights applied am Eécm 3 015 | t‘J vy Spectrum
N MEC: 12% C - 1% ] 1 | : A
k= 2000+ . RES 3% 5 : W RES:33% ] — F o &p=0".NH
8 : P ENC- 0% : Q. 1%00;_ -] - U125 —: r X 4 Scp=07IH
8 d R . ] 1 A
2 1500 V. - 512500:— v 7 E = 010 — 8cp=90", NH
X [ er Ve [ w Y '
© : : © o 2 o] — 8cp=270° NH
- Simulation 3 10000F Simulation | o .
%} I L ] — p .
c 1000+ c L Q (v, oscillation
% | -% L [ probabilities)
® @ - 005 |
2 S S000f-
£ 500 = g
2500(
O TR R Y ; R R S T R 0.00
Neutrino energy [GeV) Neutrino energy [GeV]

* Neutrino energy spectrum from NuMI covers the first oscillation peak and
good coverage of the relevant phase space for DUNE experiment
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Neutrino CCOmt cross section analysis results ') WoRK

L };J&?‘S-_“‘i‘ﬁ-‘\_\ﬁ

* First analysis targets 1 + Np + Ont (CCOmt) enhanced in QE and 2p2h interactions:
Signal definition: e e T S e [
. ST P i, ] g el meceenty | B
e 1u with p, > 226 MeV/c S Joof. ™= come 6% e 1 _ pool ™= comcczen ey 1'%
! sl N |- 1 R
* any proton with 400 MeV/c < p, < 1 GeV/c o S Signa slecton, cordsined %150:— i
* no min the final state S 2 e =
o =
* Flux, interaction model and detector 5 5 13
systematic uncertainties included E 5 } =
Transverse kinematic observables 801 o2 03 0a 05 e 07 08 g o 1% -°2=”co<;‘g,<;p°25 0s0 075 100 S
V) | t|a| and Fina| State effects leading p transverse momentum imbalance
are sensitive to Ini : AU Workin g oanosmonror o ICANUS Workin rogrss__an osesomeor
. q lObsevveddalA(!Zé;v'qms)l \- LNC(!OL%) _ Q Obsarved data {126 events) NG (10.4%) .
* Main background source is due to events = i) o =Lt 1 : ;:;':;;;?;;m' = ;:fyj:;;f‘“‘*’ ]

30+ i
B Cosmic (2.1%) [~ W Cosmic (2.1%)

with undetected/misidentified pions

: |
s, s o v

n-track=10cm

B8 B8
CVEINSI(0.UGI)
S

A control sample has been selected with
charged pion candidates
(requiring a secondary muon-like track)

Events/(0.1GeV/c)

Control sample

Obs./Pred.
Vs riea.

* Good agreement between data/MC:

” o.d o.1l
Results for the full dataset soon!! dioop sl B W

initial study with 15% of data
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BSM searches with NuMI Myy: 311 MeV

ICARUS Data

e Several BSM models predict processes by which
a kaon decays to a long-lived particle (LLP), which

Preliminary

In turn decays to a ﬂﬁ— pair clear final state, easily

reconstructed

* A first search for such events completed

* Events with 2 stopping us selected
* Small angle w.r.t. NuMI beam: 6,,, < 5°

* Observable: dimuon invariant mass, M, ¢,

A L,

* Flux, interaction model and detector X {3 ’ ’ct } .
systematic uncertainties have been included q '

ICARUS detector

=

NuMI target
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BSM: Results {4/

- Data corresponding to exposure of 2.41 X 102° pot (NuMI)

Excess: 0.190

ICARUS Data
1 Signal Box
9Nun-,f <5°

==+ Nom.MC mmm v Incoh.

® Data v, CC Coh-rr
Fit (x0.78)

2.5

N
o

Higgs Portal
Ms =230 MeV

Bs=3.7x 10"

Bkg. Fit Region

1.51 IHeavy Axion 30
. & (0.24,0.31)
M, = 340 MeV ‘E
f,=7x10% Gev @ 20
1.0 Running ¢, e e Sl

* Open box result: 9 candidate events found,
in accordance with background expectation
of 8 events (from v,CC coherent pion production)

cG=cr=c3=1 10

o
i

Events/ 10 MeV/ 2.41x10%° POT

o
o

0.25 0.30 0.35

M, (GeV)

0.40 0.45 0.50

10.1103/PhysRevlett.134.151801

Higgs portal
Scalar

Scalar dark
sector particles,
interactions by
mixing with
Higgs boson

~

ICARUS

Higgs Portal Scalar Exclusion
Limits

Reinterpretations

—— Exp. Med. UBOONE —— E949 - PS 191
Exp. 10 —— NA62 —— LHCb -- LSND
= Observed —-— CHARM

1076\

1078 EN

10794

220

240 260 280 300
Ms [MeV]
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Heavy Axion Exclusion
Heavy QCD ICARUS Limits
axion o e e o
1073 A
Pseudo-scalar _
particles, § 107
interactions by =
mixing with N =
1075
pSGUdO‘ScaIa r Co-dominance: ¢; = ¢; =c¢3=1, Running ¢,
mesons 225 250 275 300 325 350
M, [MeV] |F N’
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.151801

Conclusions
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e |CARUS is smoothly running in physics mode since June 2022, exposed to the BNB and
NuMI neutrino beams

The detector is calibrated with cosmic muons and protons from neutrino interactions

The 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:

* Study of v, disappearance with the BNB beam
* Measurement of v, cross-sections with NuMI beam;
* Search for BSM physics in NuMI beam

Analyses are quite mature and ready to proceed to validation with larger control samples

in view of the full signal unblinding.
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Thank you for your attention!!
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Search for electron neutrino events

The development of tools for the selection S ve CC QE
and reconstruction of the v, events is ongoing s BNB  fully
S contained '
(=)
€ >
15cm Wires
dE/dx ; _
compatible / v i s
, wth m.i.p. AR : :
s |Protons I 22 MeWem Y€ >
g 2.7 cm a0
% Shower § [ dE/dx along individual wires T
&, \L development s [ +
5 5%
£ g I
g v 20__ -|- -|-
10:— verlap with proton -I_
_,_,.....,._....*._,i_.__..++""’+rmp2'""°5
024" 8 10 12 14 16 18 20 22 24
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BSM search systematis

TABLE I. Uncertainty on the total event rate in the signal
region for scalar signals and neutrino backgrounds. The scalar
signal uncertainty 1s taken as the mean across the sampled mass
points. It 1s nearly independent of the mass.

Systematic Scalar sig. [%] Neutrino bkg. [%]

Total detector uncertainty 11.0 20.2
Detector model variations 9.9 17.6
Cathode aplanarity 5.5 5.6
Energy scale 1.8 8.2

Flux 12.3 12.0

v, CC-Cohr x-sec e 62.9

Other v Interactions x-sec ce 4.1

Particle propagation e 5.6

MC. statistics ce 4.6

Total 16.5 67.7
INFN
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21/07/2025 M. Tenti - Latest results from ICARUS experiment 22 o s A

Sezione di Bologna



	Slide 1: Latest Results from the ICARUS Experiment at the Short-Baseline Neutrino Program
	Slide 2: The Sterile Neutrino Puzzle
	Slide 3: The Short Baseline Neutrino (SBN) at FNAL
	Slide 4: The SBN Physics Program
	Slide 5: The ICARUS Detector: LArTPC
	Slide 6: Cosmic Background Mitigation
	Slide 7: FNAL Operation
	Slide 8: Event Reconstruction Chain
	Slide 9: Example of Neutrino Event
	Slide 10: ICARUS Performance: Calibration
	Slide 11: ICARUS Performance: Timing
	Slide 12: ICARUS Physics Program
	Slide 13: bold italic nu sub bold italic mu  event selection for disappearance analysis at BNB
	Slide 14: 1µNp analysis
	Slide 15: Neutrino cross-section measurements with NuMI
	Slide 16: Neutrino CC0π cross section analysis results
	Slide 17: BSM searches with NuMI
	Slide 18: BSM: Results
	Slide 19: Conclusions
	Slide 20
	Slide 21: Search for electron neutrino events
	Slide 22: BSM search systematis

