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e The Sterile Neutrino Puzzle

neutrinos are everywhere

-
* ICARUS Physics Program

* The SBN Program ;‘ A
* The ICARUS Detect A = A
e etector AT ?ﬂ, [ ¢
N

* Summary and Future
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https://indico.nucleares.unam.mx/event/2125/contribution/26/material/slides/0.pdf

The Sterile Neutrino Puzzle

Though the 3vSM model matches well many experiments, some anomalies have been observed in
neutrino experiments at short baseline hinting to a new sterile neutrino flavor at Am?,ew~ 1 eV

arXiv:hep-ex/0104049 o s arXiv:2006.16883
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The Sterile Neutrino Puzzle

Though the 3vSM model matches well many experiments, some anomalies have been observed in
neutrino experiments at short baseline hinting to a new sterile neutrino flavor at Am?,ew~ 1 eV
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The Sterile Neutrino Puzzle

and accelerators, including the recent MicroBooNE result

Several experiments at reactors
(arXiv:2210.10216), have been studied the 'neutrino anomalies.'

JHEP08(2018)010
However, there remains a clear tension between 99-;?&“
appearance and disappearance experiments, which
differ in both the neutrino energy ranges they
explore and the detection techniques they use. B
E A
5 P o D)
i)isappearance
—— Free Fluxes
10_1____Fixed Fluxes
1074 1073 1072 107!
sin® 26,
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The Sterile Neutrino Puzzle

Several experiments at reactors and accelerators, including the recent MicroBooNE result

(arXiv:2210.10216), have been studied the 'neutrino anomalies.'

JHEP08(2018)010

However, there remains a clear tension between 9 ?é‘i/;’fCL
appearance and disappearance experiments, which
differ in both the neutrino energy ranges they
explore and the detection techniques they use. ™

g Appearance

< ; ("~ w/o DiF)
Untangling the current experimental scenario requires: —

: i)isapp earance
* Measure both appearance and disappearance Lo | med Haes
channels in the same experiment, using a 10~ 107 1072 107!
sin? 26,

detector that can precisely identify neutrinos
and reject background.

* Compare Far and Near detector neutrino
spectra to control systematic uncertainties.

J€
[ _ )
SBN fd f2
Program e L e
oy i1
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THE SBN PROGRAM
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The Short-Baseline Neutrino Program

Not to scale!
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The Short-Baseline Neutrino Program

Not to scale!
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The Short-Baseline Neutrino Program

BNB Flux

The BNB is a well-characterized v, (v,) - beam, with minimal v.
contamination.

=
S

/50MeV/m%/10°POT
)

(I)(V)TSOO
5

2
0ZSI0°E0ST-AIX D

-
e

" fpeak energy

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Energy (GeV)

Guadalupe Moreno SILAFAE 2024 11


https://arxiv.org/pdf/1503.01520

The Short-Baseline Neutrino Program

BNB Flux

The BNB is a well-characterized v, (v,) - beam, with minimal v.
contamination.

A combined analysis of events collected by Far Detector and Near
Detector over 3 years (6.6x10%° POT) will allow:

* 50 coverage of the parameter space relevant to the accelerator anomaly
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A unique capability to simultaneously study both v appearance and disappearance
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Exclusive ICARUS Physics Program

) . NuMI Flux
The Far Detector, ICARUS, is also located ~6° off-axis to the NuMI ICARUS Prefiminary _______Geant4-9.2003
beam, allowing it to access the ve-rich portion of the spectrum. oA FHC -
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Exclusive ICARUS Physics Program

NuMI Flux

The Far Detector, ICARUS, is also located ~6° off-axis to the NuMI ICARUS Prelimnary  Geant4-9.2003
beam, allowing it to access the v.-rich portion of the spectrum. e 3
; e — = ® u Ije w
e i i O o DP e E |2
E‘fé;-':;} ',;?:";'ﬁ‘;":» T — : : "‘“"“—‘-@—\é’; e | »: 0_ NO PPFX CORRECTIONS APPLIED é o
T gt T e ; jg
- & s &
T N 9’569 G&
7 s = Q‘: x

e r = ]

=7 - S0k u .

Booster Neutrino Be E = 5
Target Hall I ]
A T Y 0 O O B0 0 0 S 0 A 0 (0 I O T L
e S & 0 1 2 3 4 5 6
B E, [GeV]

Before starting joint analysis with the Near Detector, ICARUS is pursuing its own physics program,
which includes:

* Searching for v, disappearance using the BNB beam, followed by searches for v. disappearance with
the off-axis NuMI beam.

* Measuring v-Ar cross sections with hight statistics (332k v, CC and 17k v. CC interactions in 6x10%°
POT) and improving reconstruction and identification techniques with the NuMI beam, focusing on the
energy range relevant to DUNE.

* Searching for sub-GeV Beyond the Standard Model (BSM) physics using the NuMI beam.
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The ICARUS Detector

. o ICARUS operated at LNGS and
The first LAr TPC was proposed by C. Rubbia in 1977. refurbished at CERN

, ‘ i -/‘ /]

These detectors are high-granularity, uniform, and self-
triggering, with 3D imaging and calorimetric capabilities,
making them ideal for neutrino physics.

Guadalupe Moreno SILAFAE 2024 16



The ICARUS Detector

. o ICARUS operated at LNGS and
The first LAr TPC was proposed by C. Rubbia in 1977. refurbished at CERN

for W |1 ™

These detectors are high-granularity, uniform, and self-
triggering, with 3D imaging and calorimetric capabilities,
making them ideal for neutrino physics.

Cathode plane Induction 1
0° / Induction 2
+60°
bATRe Collection How LArTPCs work
-60°
; * The v-Ar interactions produce tracks, with ions and photons
¥ 5 . . along those.
% 8% \\ - (.igﬁf * Photons propagate inside the detector [the scintillation light is
i dmd g FdOME) collected by the photomultiplier tubes (PMTs) for precise event
feo—p o .
ol Height timing and event calorimetry].
ie— ! * The ionized electrons will slowly drift towards the anode by an
- . applied electric field.
Ej’ﬂm ‘% * The ionized electrons produce induction signals as they pass
x the first two wire planes and are collected on the last wire plane.

Drift direction
Guadalupe Moreno SILAFAE 2024 17



The ICARUS Detector

The first LAr TPC was proposed by C. Rubbia in 1977. refurbished at CERN

ICARUS operated at LNGS and

é o L 5 -
.y ] A3

These detectors are high-granularity, uniform, and self-
triggering, with 3D imaging and calorimetric capabilities,
making them ideal for neutrino physics.

The ICARUS Detector
* 2 identical cryostats with y Cryostat West Cryostat East
2 TPCs per cryo with & —A—
oy o
central cathode. s e
= - . L <
* 500 V/cm E field in 1.5 m & &
drift length %
it lengths. s 2 /, /) Collection
* 3 readout wire planes per I _ ;
anode, oriented at 0° and | & _ N g it
. i« Active — Z (BNB) Readout z
+60° w.r.t. horizontal. l Volume @ % (drift) Wire Planes Front (1) Middle (2°)
Induction Inducti
TPC WW TPC WE TPC EW TPC EE e
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The ICARUS Detector Subsystems

Time Projection Chambers (TPC)
* ~54k channels at different orientations and 3 mm pitch.

Photon Detection System (PDS)
* 360 TPB-coated PMTs to detect scintillation light.
* Used for event timing and triggering.

Cosmic Ray Tagger (CRT)

* Nearly 4n coverage with scintillator panels and SiPM readout
for cosmic tagging.

* Shielded by ~2.85 m thick concrete layer for external y/n
suppression.

Side CRT

/

Guadalupe Moreno SILAFAE 2024

Cathode

Overburden

Field cage

PMTs
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ICARUS Data Collection

* ICARUS began collecting data for physics on June 9", 2022, with the TPC, PMT, and CRT systems
fully operational.

* The cryogenic and purification systems performed smoothly*, maintaining a stable free electron
lifetime of 7-8 ms, enabling nearly full track detection efficiency over the 1.5 m drift distance (~1 ms).

ICARUS Electron Lifetime
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* Residual impurities in liquid argon at approximately 40 p.p.t. of [O,] equivalent.

lar " r ay y ay  12/Jun
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Date
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ICARUS Data Collection

70 ==++ NuMI Delivered: 719.6 E18 POT
'==-+ BNB Delivered: 465.8 E18 POT

* Light signal registered simultaneously by oy MtliGellorted 005,010 FOT

(== BNB Collected: 430.2 E18 POT

4 PMT pairs inside a 6 m longimdinal ™ — P £
slice in coincidence with BNB (1.6 ps), 27/ . ¢ Y o —
NuMI (9.5 ps) beam spills. aaliE A -
@ Shutdown2022 | ‘
* >90% efficiency for Eq, >200 MeV P e
3k 3k 3k
Collected Protons on Target (POT) BN.B (FHC .) Nl.lMI (FHC. ) NUMI BUEe .)
positive focusing | positive focusing | negative focusing

RUN-1 (Jun 9" — Jul 10", 2022) 0.41x10%° 0.68%10%°

RUN-2 (Dec 20, 2022 — Jul 14™, 2023) 2.05X10% 2.74%10%° —

RUN-3** (Mar 15" — Jul 12% 2024) 1.36X10% — 2.82x10%°

TOTAL 3.82x10% 3.42X10%° 2.82X10%°

* FHC: Forward Horn Current (neutrino) and RHC: Reverse Horn Current (antineutrino).
** Reduced exposure for RUN-3 due to the prolonged accelerator shutdown.

Guadalupe Moreno SILAFAE 2024 21



ICARUS Detector Calibration

Average signal response per plane (Data/tuned MC)
* TPC wire signals are accurately characterized and in a track angular bin

. . . 40° <0,,<60°
modeled in MC simulations. 0.08] Collection — MC Tuned

Data

. . . . . Plane %
Detector response is calibrated using cosmic muons and 5006 <
protons from v interactions, with a new angular- s S

. . . . 5 0.04 Q
dependent ellipsoidal recombination model (EMB). : %
< 0.02 1 o
o dE
Observed ionization 4o 108 (a’ +8 (¢)a) 0.00-
: = -20 -15 -10 -5 0 5 10 15 20
charge per length: Tt B(6)Wion e
Angular dependence of dE/dx Vs residual range for
___________________ recombination  parameter P and p used for PID
: | 20.0 7
| Boo = - : =
B(¢) = ! Angular i Depositions
: g \/ i Py 1.150 Dependence || 175} ICARUS | ¢ Muon
1 - —— Columnar 2 o e .
S ¢ - _Sl_n_giltc_of _¢_/ __L__R1125 _ — Constant | _ 15.09:\ - Preliminary Proton
— Ellipsoi £ ' -
%1 150 Ellipsoid § . Data .
. . 2 . 75 + Dpata | 29 5
* Reconstruction has improved  3'°7 5
2 W 7.51: SR SNy
with new processing that 29| ICARUS s 70 e
s) .. 12 i
accounts for shared charge =10z Preliminary > ' -
between multiple wires. 1.000 2,

30 40 50 60 70 80 0 5 10 15 20 25
Angle ¢[°] between track and drift electric field —arXiv:2407.12969 Residual Range [cm]
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ICARUS Detector Validation

Deposited energy is used to validate
calibration and improve calorimetric
reconstruction.

* Difference between calorimetric energy
reconstruction and the range measurement
of the proton and stopping muon energy.

Guadalupe Moreno

EMB-based calibration is applied

600 ;
Double Gaussian Fit FWHM: 8%
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ICARUS Detector Validation

EMB-based calibration is applied

. . . arXiv:2407.12969
Deposited energy is used to validate ] ,, I 460! ” I
calibration and improve calorimetric | .. -ssnooo 3501 A
reconsirucion. P T L

o || FETEreEes=massa | S —

* Difference between calorimetric energy °*| """ | Protonsin | 22007 tun:z2er A Muons in
reconstruction and the range measurement £7°| 1CARUS v NuMIv, €C éizz ICARUS \VuMIv, Cc
of the proton and stopping muon energy. 100 Preliminary 5o/ reliminary |

S SRR B W o o] e e

e m° from neutrino interactions, achieving G ola s 63 S 0L 99 0L 0z
~10% resolution on m,,

020 ———Selected Tl candidates v events identified through visual |

. | | : g;e,—; %g:?;%;;aimy scanning of collected data are used ..,

N s to test automated software tools: 1201
.go.zo- o ERE g 100
Eo.ls- Rec;:? Isl:;::ted * The difference between automatic 8 80
E and visually reconstructed vertex 60
- positions for ~500 visually B ;]
0057 selected v, CC candidates shows a 2 4 | -
0.00 resolution of a few millimeters. o 5 o 5 10

50 100 150 200
Reconstructed Neutral Pion Mass [MeV/c?]
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https://arxiv.org/abs/2407.12969

m. D“r"if’r“dir‘“e-cﬂor-\ |

0.9 m Drift direction

0.92

ICARUS PHYSICS PROGRAM
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v, Event Selection for disappearance with BNB

Study of Fully Contained vu CC Events (1u+ Np)

D e R

-ve__rtex: E RS e e '

* Event Selection Criteria

> TPC track linked with PMT light and no CRT signal within
beam spill window.

> Muon track with length L,>50 cm.

> At least 1 proton with L.,>2.3 cm (corresponding to Ex>50
MeV). e

> Particles correctly identified by PID tool (based on dE/dx). s

> Events contain fully contained particles (no additional mory). T

- Beam direction

1 m Drift direction

* Reconstruction Approaches

> Pandora Pattern Recognition Algorithm Vi f)
> Machine Learning-based SPINE Tiniss

* Background Rejection & Validation
> Cosmic backgrounds are kept below 1%.
> Event kinematics validated through visual studies and range measurements.

Guadalupe Moreno SILAFAE 2024 26



Normalized events

Normalized events

1pNp Analysis from BNB

* 10% of RUN-2 data analyzed; 20x more data available,

showing Data-MC agreement within systematics.
ICARUS Work in Progress ICARUS Work in Progress
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LA A A A O A B 1SN T I D A A A A A

A 0.200 — T
m 101p (80.3%) 0 F . 1p1p (80.3%) ]
L 7 mEE Other v, GC (17.4%) | E 0175 BN Other v, CC (17.4%)
L %/ BN v NC (1.8%) v v NG (1.8%) ]
- W Cosmic (0.5%) | = E mem Cosmic (0.5%)
4 Run2Data 1 © o150 4 Run2Data =
%7 Total MC Uncertainty { O F %27 Total MC Uncertainty |
1 O - -
- 1 N 0.125:
— E
=z ] -
] g 0.100 =
L -1 F -
1o 0.075:
SPINE = SPINE 1

3000 1000

500
Reconstructed neutrino energy [GeV]

Guadalupe Moreno

1000 1500 2000 2500

200
Total transverse momenta [GeV /c]

SILAFAE 2024

400 600 800

1200

Use two independent reconstruction

approaches:

* Pandora pattern recognition algorithm
* SPINE, a Machine Learning

reconstruction

Efficiency 50 % 75 %
Purity 80 % 80 %
POT 1.93x 10 | 1.92 x 10"
Total Events* 34 k 47 k

* Using the Run 1, 2, and 3 POT
27



Normalized events

Normalized events

1pNp Analysis from BNB

* 10% of RUN-2 data analyzed; 20x more data available,
showing Data-MC agreement within systematics.

ICARUS Work in Progress

o

o N

) o
\Illll\lll\ll\l\\l\l\\\\

o
-
o

o
o

0.05

QO

—4— Data

I uNp - Signal
Other v, CC

Il NC

I Cosmics

777/ Total systs

Pandora

16 18 22 24

02 04 06 08 1 12 14

Reconstructed neutrino energy [GeV]
ICARUS Work in Progress
Fr s TR s T T BT

025
0.20F
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0.05—

L —— LE——
! N 1u1p (BIO.S%)
mEE Other v, GC (17.4%) |
BN v NC (1.8%)
[ Cosmic (0.5%)
4 Run2Data |
#7745 Total MC Uncertainty

SPINE ]

Normalized events

Normalized events

ICARUS Work in Progress

0.12

—4— Data

I 1pNp - Signal
Other v, CC

Il NC

Il Cosmics

777 Total systs

0.1

Total transverse momenta [GeV/c]
ICARUS Work in Progress
L I L L

0.2 03 0.4 05 0.6 07 08 09

0.200 —
0.175F

0.150

0.125F

0.100F

0.075F

—T— —T—T

" 1u1p(8|0.3%)

= Other v, CG (17.4%) 1

I v NG (1.8%) ]
. Cosmic (0.5%)
4 Run2Data

%27 Total MC Uncertainty |

SPINE -

Use two independent reconstruction

Learning

approaches:

* Pandora pattern recognition algorithm

* SPINE, a  Machine
reconstruction

Pandora SPINE

Efficiency 50 % 75 %
Purity 80 % 80 %
POT 1.93x 10 | 1.92 x 10"
Total Events* 34 k 47 k

Ready for the next steps:

* Enlarge the control sample to
confirm analysis robustness.

* Unblind the full dataset.

* Perform an oscillation fit using

: ICARUS data only.

1200

3000

600

800 1000

500
Reconstructed neutrino energy [GeV]

Guadalupe Moreno

1000 1500 2000 2500 200

Total transverse momenta [GeV /c]
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* Using the Run 1, 2, and 3 POT
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V-Ar Interactions from NuMI

* ICARUS has a large NuMI dataset for v-Ar cross-section
measurements:
> 332k v, CC and 17k v. CC interactions in 6x10%° POT.

* Currently available data: ~3.42%10%° POT.

ICARUS Simulation Work In Progress 17.3% 10> vs/6e20 POT

ICARUS Simulation Work In Progress 3.32x10° vs/6e20 POT

2500..,,,....A,...b,.,.|..,,,....,,...,..,. 20000 [T T T T T

[ GENIE v3.04.00: AR23_20i_00_000 3 Ve, Ve: Active Vol | [ GENIE v3.04.00: AR23_20i_00_000 = Vi, Uyt AV, Py > 226 MeVic

[ Flux weights applied - QFE:41% 17500 [_Flux, XSec weights applied . QE:39% E

BN MEC: 12% B r s MEC: 11%

5 2000 — BN RES: 34% N = BN RES: 33% 1

a B DIS: 13% 8 15000 — w DIS:17% =~

FEEEEEEEEEEEEEEmEEm - o E (=) C ]

' Expect to have larger ' 9 ] S 125001 :

| XDEC : FBEr | s ICARUS 5 120 ICARUS

 Statistics Of Ve INteractions ; o v i © 10000 v =

e ~ -

. . . . e ]
' with Ar in comparison with | £ ool- . 2 o H

| . . =] ] =1 F
| previous experlments. I § 8 -
__________________ ko) & 5000}
£ 500 = F
2500

1.0 15 20 25 30 35 X B . g )
E, [GeV] E, [GeV]
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V-Ar Interactions from NuMI

expected probability of oscillation in DUNE

* ICARUS has a large NuMI dataset for v-Ar cross-section

Neutrinos . Sep = W2

. 1285 km
measurements: 012} Normal Ordering  M%r=0

cp = W2

> 332k v, CC and 17k v. CC interactions in 6x10%° POT.

* Currently available data: ~3.42%10%° POT.

NuMJD’s neutrino energy spectrum ranges from a few
hundred MeV to a few GeV, covering the energy range

. 0 .
relevant for the DUNE experiment. Neutilng E:ergy"(G;‘w"’ 678

- ICARUS Simulation Work In Progress 17.3x 103 vs/6e20 POT ICARUS Simulation Work In progreS? 3.32x 105 vs/6e20 POT
AL LA L A L L I L B 20000~ T T T ]
:GENIEy3.O4-00:_AR23_20I_50_000 3 Ve, Ve: Active Vol | F GENIE v3.04.00: AR23_20i_00_000 | = Vs a,,': AV, pu>2126 MeVic ]
[ Flux weights applied - QFE:41% 17500 [_Flux, XSec weights applied | . QE:39% E
BN MEC: 12% . r Hm MEC: 11%
'6 2000 — EEN RES: 34% N '5 BN RES: 33% 1
e s DIS: 13% a 15000 | e DIS: 17% &
o — o ]
“é L 3 No L B
| 12500 — 7
— — L i
= 1500} ICARUS = 12500 ICARUS -
© ] © 10000 -
P Ve 1 P Vi ]
£ 1000 ] < F
S 1 O 7500f
o k] s
g g _f
2 r © 5000
£ 500 £ [
2500

0.5 1.0 15 20 25 3.0 35 i 8._ K E .
E, [GeV] E, [GeV]
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1MNpOTT Analysis from NuMI

- ICARUS Work in Progress NuMLO6XI0POT_ o ICARUS Work in Progress NuM, 036x10% POT_ First Analysis Target’ IIJNPOH Events

LR o ) N o I I L L [TrrEt=t L e L O L o e L

: ¥ Observed data (639 events) = vNC (7.5%) : [ MY Observed data (1989 events) I v-NC (3.8%) 5|
250‘_ —— Prediction (646.4 events) I v-CC, other (16.7%) = 250'_ - Prediction (1882.1 events) I v-CC, other (15.8%) =] A . P
5 [ =3 Total uncertainty B Signal (67.1%) a [ 52 Total uncertainty BN Signal (68.0%) ] L4 Slgnal Deflnltlon
S 200: BN Cosmic (8.7%) ] 200: W Cosmic (12.4%) ]
(O] 5 = = - = .
o] 1o > 1 muon with p,>0.226 GeV/c
o 150 Signal selection, contained _] -.2 .
5 I 1 > At least 1proton with 0.4<p,<1 GeV/c
S 100F =l 5 . + 0N ¢ e £
i No pions (1t* or °) in final state

-g 2 Il Stat. Stat.+Syst.; -g Stat.+Syst.—; ° System atiCS & MOdeIin g
e C ] . . .
3 3 > Includes neutrino flux, interaction model,
o) o) .
and detector systematics.
6Pr (GeV/c) cosBy,p

> Angular and  transverse  kinematic
observables are used to capture initial @

final state effects.
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1MNpOTT Analysis from NuMI

ann CARUS Worl In Progress wamossaoseor ooy ICARUS Work n Progress nanoseaecor  First Analysis Target, 1uNpOn Events

¥ Observed data (639 events) B v-NC (7.5%) ] [ MY Observed data (1989 events) I v-NC (3.8%) ]
250'_ —— Prediction (646.4 events) I v-CC, other (16.7%) =] 250'_ - Prediction (1882.1 events) I v-CC, other (15.8%) = . . o o
S F =3 Total uncertainty W Signal (67.1%) ] 2 Total uncertainty B Signal (68.0%) ] e S lgnal Defln ition
S 200: BN Cosmic (8.7%) ] 200: W Cosmic (12.4%) ]
[0} L = E = .
o] 1 | ] > 1 muon with p,>0.226 GeV/c
o 150 Signal selection, contained _] -.2 — .
5 I |2 > At least 1proton with 0.4<p,<1 GeV/c
S 100 —
[0} L = . + . .
i > No pions (m* or i¥) in final state

3 % M .S sewosy ¢ Systematics & Modeling
% E T > Includes neutrino flux, interaction model,
M R TR and detector systematics.

OPr (GeVie) cos8ue > Angular and transverse  kinematic
oCARUS Workin Progress ___ waossag@por  ICARUS Work in Progress _ NuMloselx;qquPT_ observables are used to capture initial and
PN eyl il RE B N sl Jocqru M final state effects.

S sof- mm comeizr ISR 1 gof - Corri 1) s :

590 Ziri‘é’é‘?&é’na°°"‘a‘“ed 18, m s conaned | "o Major Backgrounds (Events with undetected
%ZZ_ 18 : or misidentified pions)

: N > Control sample with n* candidates selected
of _ to characterize this background (requires
: g secondary p-like track).

2 g > Data/MC shows good agreement within

] 0.4 I j i 0.8 0 20 40 60 80 100 120 140 ~159.
6P1 (GeV/c) Leading m* cand. length (cm)
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BSM Physics from NuMI

BSM Searches with NuMI Data

Models involving dark particles coupling to Standard Model particles through
Scalar Portal.

* Higgs Portal Scalar (HPS): Scalar dark particles mix with the Higgs boson.

* Heavy QCD Axion (ALP): Pseudoscalar particles mix with pseudoscalar
mesons.

Guadalupe Moreno SILAFAE 2024
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BSM Physics from NuMI

BSM Searches with NuMI Data

Models involving dark particles coupling to Standard Model particles through
Scalar Portal.

My, :311 MeV

* Higgs Portal Scalar (HPS): Scalar dark particles mix with the Higgs boson.
* Heavy QCD Axion (ALP): Pseudoscalar particles mix with pseudoscalar
mesons.

ICARUS Data - Preliminary

Scalar Decays in p+u- with Run2 NuMI, Results:

* 9 candidate events found, matching MC background expectation of 8
events (from v, CC coherent pion production).
* Results show no significant new physics signal (0.19 o).

Higgs Portal Scalar Exclusion Heavy Axion Exclusion
Excess: 0.190 ICARUS Limits Reinterpretations ICARUS Limits

= ICAF'{US Data i ==% Nom.MC === v Incoh. —— Exp. Med. —— UBOONE —— E949 - PS 191 — (E))k()p. Mec:i. [ Exp. x10 : NQGZNE —— CHARM
0 257 Signal Box ! e Data v CC Coh-nt [ Exp. £10 —— NA62 —— LHCb  ---- LSND serve uBoo
o 6 < 5° 1 - = Observed —-— CHARM
S Numi ! Fit (x0.78) \ = 3 10-31
o 1 106
=~ 2.01 — Higgs Portal ! ) .
')_(‘ Ms =230 MeV : i Bkg. Fit Region
S 65=3.7x 1075} : _
N 1.5 1 Heavy Axion 20 10-71 o
S | M, =340 Mev €(0.24,0.31) = >
= lh=7x10'Gev £ 5 O 1074
o 1.0 | Running ¢, [ =
— ! o <

1078 g 0 e —
z
§ 0.5
W | =S, 10— 107

004 Co-dominance: ¢; = ¢; =c3 =1, Running ¢,
0.25 0.30 0.35 0.40 0.45 0.50 220 240 260 280 300 320 225 250 275 300 325 350
My (GeV) Ms [MeV] M, [MeV]

Guadalupe Moreno SILAFAE 2024 34



BSM Physics from NuMI

BSM Searches with NuMI Data

Models involving dark particles coupling to Standard Model particles through

Scalar Portal.

* Higgs Portal Scalar (HPS): Scalar dark particles mix with the Higgs boson.
* Heavy QCD Axion (ALP): Pseudoscalar particles mix with pseudoscalar

mesons.

Scalar Decays in p+u- with Run2 NuMI, Results:

My, :311 MeV

ICARUS Data - Preliminary

events (from v, CC coherent pion production).
* Results show no significant new physics signal (0.19 o).

* 9 candidate events found, matching MC background expectation of 8

Submitted to -¢.

tted 10 -g; @ arXiv:2411.02727
publication! ©

Higgs Portal Scalar Exclusion

Excess: 0.190

Heavy Axion Exclusion
ICARUS Limits

ICARUS Limits Reinterpretations
= ICARUS Data | ==: Nom.MC === v incoh. —— Exp. Med. —— UBOONE —— E949 - PS 191 — gzp- Metl- - DD — NQGZNE — CHARM
O 2.51 Signal Box ! o Data v CC Coh-it [0 Exp. £10 —— NA62  —— LHCb --- LSND serve uBoo
o o 1 = Observed —-— CHARM
= Onumi < 5 i Fit (x0.78) T 0=
o 1 106
= 2.07 | Higgs Portal ! ] .
')_(‘ Ms =230 MeV : io Bkg. Fit Region
= 65=3.7x 1075} : —_
™M 1.51 1 Heavy Axion 10-74 =
N | M, =340 MeV &(0.24,031) L B
u lh=7x10'Gev £ % © 107
o 1.01 | Running ¢, . O
= i 10780 S0 e =
2
§ 0.5
W S, 10-9 1075
004 Co-dominance: ¢; = ¢; =c3 =1, Running ¢,
0.25 0.30 0.35 0.40 0.45 0.50 220 240 260 280 300 320 225 250 275 300 325 350
My, (GeV) Ms [MeV] M, [MeV]
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SUMMARY AND FUTURE
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Summary

* ICARUS has been operating smoothly in physics mode since June 2022.

* The detector response is calibrated with cosmic muons and neutrino-induced protons, with TPC
signals and main detector parameters accurately characterized and modeled in simulation.

* Before the start of the joint operation within SBN, ICARUS is on the way to first physics results:
> v, Disappearance Studies with BNB: Ready to expand control samples.
> v-Ar Cross Section Measurements using NuMI data.

> Sub-GeV Dark Matter Search with NuMI beam: Analysis of scalar decays to /%1~ completed.
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Summary

27 7 B %)

Exciting prospects ahead as we gear up for the SBN joint analysis!
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ICARUS: Abratenko, P. et al.

I Ar 'I 'P( : S Eur. Phys. J. C 83, 467 (2023)
Cathode T

Collection

il

* The vAr interactions produce tracks, with ions and photons
along those. (

* Photons propagate inside the detector [the scintillation light is p HL,
collected by the photomultiplier tubes (PMTs) for precise event \
timing and event calorimetry]. e

* The ionized electrons will slowly drift towards the anode by an A
applied electric field. p

* The ionized electrons produce induction signals as they pass /
the first two wire planes and are collected on the last wire plane. A

Vi
A

Y, time

Collection plane ” LAr TPC detectors, provide full 3D imaging, precise
calorimetric energy reconstruction, and efficient

cosmic HLVUERE ALY & particle identification. The detailed images of particle
v, CC candidate

trajectories provide significant information about final
states. The high spatial resolution allows for tracking.
Thus, using the LArTPC technology we will be able to
study v, and v, with high precision.

Beam
direction
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The Sterile Neutrino Puzzle

Even though the 3vSM model has shown good agreement in many experiments, some anomalies have
been observed in neutrino experiments at short baseline hinting to a new sterile neutrino flavor at

Am’pey~ 1 €V arXiv:hep-ex/0104049 (2001) . <> arXiv:1805.12028
% 17.5 ® Beam Excess % “ lil Ejzzj(r:tii/e") _:

® x = 0 v, from K™
* Accelerator Experiments 3 LSND HE = :
> LSND: Observed excess of v. events in the 3 1z5) e s o E
channel ve +p » e* + n at a significance of 3.80. | N TLcHE— B
o . . . 75+ 1 7
*> MiniBooNNE: Electron-like excess observed in i F  Hul MiniBooNE E
both v and v modes, with a significance of 4.70. 2511 " =y | VRS M E
. . . 7] S s et R Y L e L E
* Radiochemical Experiments DO . ]

1
04 06 08 1 1.2 1.4

> SAGE and GALLEX: Measured "'Ge production LE (metersmiey) T e
rate at R = 0.84 + 0.05, recently confirmed by 1 en o, s =038 resuton 250 k¥
BEST experiment at 40. n

* Reactor Experiments u_l?_§1_0_ +

> Neutrino-4: Observed a v.disappearance signal z %
with L/E, modulation (~1-3 m/MeV) at the SM-3 = Neutrino-4
reactor (Dimitrovgrad). B By e e e

Combined analysis of Neutrino-4 with other experiments results in a best fit of HE
Am?,= 7.3 eV? and sin’(2014)=0.36 at 5.8 o
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The ICARUS Detector Subsystems

Time Projection Chambers (TPC)
~ 54k channels at different orientations and 3 mm pitch

Photon Detection System (PDS)
- 360 PMTs, TPB coated to detect scintillation light
- Event timing and triggering purposes

Cosmic Ray Tagger (CRT)
- ~4T11 scintillator panels with SiPM readout for cosmic tagging

- Protected by ~ 2.85 m thick concrete overburden for external
y/n suppression Cathode  Field cage =~ PMTs

. Side CRT
Layeri! Layer |Layer . R T

ST
1

02561 " . I
02/26/22 03/28/22 04/27/22 05/27/22
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ICARUS Detector Validation

EMB-based calibration is applied

Deposited energy is used to validate ] N 400 I —

. . . . . Double Gaussian Fit s ouble Gaussian Fi g 9%
calibration and improve calorimetric | ... -15%0:3.% 350 oo o
reconstruction. g CARUS | g300] T N—

E p2:1.1%, 07:14.9% Data E 2501 H2:6.2%, 02:9.1% Data
. . . % 300 NN, :7.25 ! ; < 200/ N2 :22.8 . l
e Difference between calorimetric energy : ;;r KE""’S - e N]Z"B"q‘;':’s pa
reconstruction and the range measurement £°**| [CARUS g & 55, 1CARUS g
. 100{ Preliminary J : Preliminary :
of the proton and stopping muon energy. 50,
0 ................. d BT 0_ .....................................
. . . .. -04 -02 00 02 0.4 =0, 0. f f f
b T[O from neutrlno lnteractlons, aCh1EVlng (Ecalo - Erange)/Erange o2 (()E];alo —E?ar?qe)/Eranqoel 02
~10% resolution on my,
0 i . o o ]
030 ———>elected Llir Candidates v events identified through visual |
ork in Progress : - 1y [ ] er v °
. | Ny S scanning of collected data are used ;]
. = 1uCExn® ata
© L s to test automated software tools: 1201
.E - mam Cosmic E 100
e Reconstructed . .5
§ 015 1 mass * The difference between automatic 8 8o
£ and visually reconstructed vertex 60
- positions  for ~500 visually 40| i
e selected v, CC candidates shows a 20 4 I
0.00 resolution of a few millimeters. " 5 o 5 10

50 100 150 200
Reconstructed Neutral Pion Mass [MeV/c?]
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* Beam Spill Timing Reconstruction

# entries / 0.5 ns

ICARUS Detector Performance

Cosmic Ray Rejection and
Neutrino Timing Reconstruction

> Time-of-Flight Rejection: Use
external CRT and inner PMT
system to reject incoming
cosmic rays.

CRT panels

Cosmic entering

Neutrino exiting

Terr— Tomr < 0

> Bunched structure of BNB and NuMI beam spill

identified using neutrino interaction time (PMT)
relative to proton beam extraction counters, with

cosmic rejection (CRT) and neutrino time-of-

flight (ToF) correction applied.

Entries/Triggered events

107"

E On-beam Data ~ #™,
I Off-beam Data ;
1072¢

1073k

10

g * v products
) "W / exiting Top CRT
Hﬁﬂiﬁ f"ﬁﬂ"‘*ﬂw " ig p
[ cosmsentoring e | L4
‘ Cosrr;lOCS Zr;gzrlng ““*""*’lﬂ[’l I'U’ LHJ m M*
L |

w
[=1

35001 ICARUS Data NUMI, 1.08€20 POT ICARUS Data
Work in Progress 20001 Work in Progress
30007 Light Only NuMI Light Only
v
2500 c
1y 1500
IS
2000 =
wn
2
1500 5 1000
[
1000 #*
500
500
—— 0 = 3,108 = 0.059 ns
0l . . - - . - : ol . :
00 25 50 75 100 125 150 175 00 25 50

—— 0=2,986 £0.036 ns

BNB, 2.43e19 POT

# entries / 0.5 ns
S

Interaction time % 18.8 [ns]
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Interaction time % 18.9 [ns]
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(trSt4+£05t)2 - ToF - RWM time [us]

23 £
Terr— Tomr > 0 5 10 Excess due ]
5  s5- L tovbeam m&h%‘mm N] w L
E b T i FEY
@ 00 80 -60 -40 —20 0 20 40 60 80 100
Top CRT time - PMT signal time [ns]
BNB DATA — Multi-Gaussian fit
| (Il ‘ I | | hh
5.2 50 48 46 44 42 40

-3.8
All 81 BNB bunches identified
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V-Ar Interactions from NuMI

. bt T T T T I T T T T I T ¥ T T I T T T T I T T T T
* ICARUS has a large NuMI dataset for v-Ar cross-section 5 T — ]
measurements: Q 0.03 - ol 5] DUNE-ND
L4 Ld . — V"l
> 332k v, CC and 17k v. CC interactions in 6x10%° POT. [ = .
B Res 7
0.02 — —
. = DIS =1
* Currently available data: ~3.42%10%° POT. - .
. 0-01 = | ]
* NuMTJI’s neutrino energy spectrum ranges from a few i 1
hundred MeV to a few GeV, covering the energy range I I ]
. 0 '} I L 1 1 1 I L 1 1 1 I 1 1 L L 1
relevant for the DUNE experiment. 0 1000 2oioo 3000 4000 5000
| Neutrino energy [MeV]
o ICARUS Simulation Work In Progress 17.3x10° vs/6e20 POT ICARUS Simulation Work In progreS? 3.32x 105 vs/6620 POT
[ GENIE J304.00 AR23 2000000 | | L3 ve, 0 hetwe vor ] B S ENIE 15.04.00 AR5 2006000 T 3 wy AV, » B28 i
[ Flux weights applied N QF: 41% ] 17500 F Flux, XSec weights applied | B QE:39% E
= 2000} —Res s - - i f
8 — DIS: 13% ] 8 15000 |- | - DIS:.17%° —;
= 1900~ ICARUS 1 5 resoop ICARUS °
© © 10000 =
g Ve | P : Vu
é 1000 . § 7500
E % sooof
£ 500 £ [
2500

20 25 3.0 35 4.0 0 K i .
E, [GeV] E, [GeV]
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