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Motivation: ICARUS BSM searches

Simplest link to LLP/BSM physics is through portal in which a dark.
sector particle mixes with an SO particle.

9 Scalar (Dark Higgs) : Scalar dark sector particles - interactions by mixing |
with the Higgs boson

= Vector (Dark Photon) : Couple to SM via Kinematic mixing of SM- and
darK-sector photons

9 Pseudo-scalar(ALPs) : Heavy particles couples to SM via gluonic mixing

9 Fermion (HNL) : Fermionic particles - interactions by mixing with
neutrinos
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ICARUS Detector Summary

I
* The ICARUS detector is composed of two semi-independent modules filled with liquid argon,

* Each are approximately 3.6 meters high, 3.9 meters wide and 19.9 meters long.
* The read-out chambers (two TPCs for each half-vessel) have the cathode at the center
* The FV corresponding to about 480 tons.
* The read-out consists of three parallel planes of wires (horizontal, +60 and -60 degrees).
* Read-out by electric charge induction on the first two readout planes and by electric charge collection on the last readout plane.
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Why ICARUS for BSM searches ?
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ICARUS BSM Searches at a glance

MevPrtl BSM ‘Wﬂat other pﬁysws
Generator for SBN modé[s ?

BSM searches with

Two track ke (£- AL
muon) final states

Two track ¢ One

track one shower
final states
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MeVPrtl: Dark Sector Event Generator for SBN

Simulating the full chain from beam to detector for new physics searches
sz Im COM f mm o MeVPrl: An Event Generator for Dark Sector Particles in the -
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Generates hadrons from Produces BSM particles via Propagates particles through Decays into SM particles;

*
beam interactions portal lnter?ctic;'ns and geometry to the detector generates visible final states ar‘le
computes flux
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https://arxiv.org/abs/2605.11321
https://arxiv.org/abs/2605.11321

Di-muon Final States Search

Contained search published: Phys.Rev.Lett. 134 (2025) 15, 151801, un-contained (exiting muon) search
extension presently in collaboration review

M Models
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Search for a Hidden Sector Scalar from Kaon Decay in the Dimuon Final State at ICARUS
(PHYSICAL REVIEW LETTERS 134, 151801 (2025))

A search for long-lived particles (LLPs), produced in kaon decays, the subsequently decay into two muons

contained inside the ICARUS neutrino detector was performed: Higgs Portal Scalar Exclusion
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(Exclusions are computed at the 90% CL.)
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HNL searches using two tracks: Work in Progress

® Production Detection :

PRIMARY SECONDARY TERTIARY
Beam Beam Beam

Detector

HMNL travels along the
(PROTONS) (MESONS) (NEUTRINOS) neutrino beam line and

' Target

decays in flight

Example decay channels

List of decay modes to HNL N
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HNL decays to muon-pion (two tracks) for invariant
mass measurement
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A.Chatterjee, A.De.Roeck. J.G.Garcia (Eur. Phys. J. C 85, 195 (2025),arxiv: 2408.03383)
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https://arxiv.org/abs/2408.03383

HNL-Two track : Simulation

‘Event reconstructions using SPINE

1p1n Event Display
1pin Event Display

3 Interaction Vertex
Muon ()

(O Muon Start
Muon Direction
Pion (nx)

O Pion Start
Pion Direction
Other (id=2)
Other (id=3)
Other (id=4)
Other (id=5)
Other (id=6)

True simulated interaction Reconstructed interaction

Presently working on:

* Explore /7w separation techniques

* Selection cuts development for 1yl topology

* Background simulation: CC coh 71, CC res 7t production
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Shower Final States Topology Searches

I
Motivation: .,
1 . TR *e b

Dark tridents « JHEP 01 (2019) 001

10—15

detector

1000 1500 2000
M, (MeV)

* TJwo-shower based topology are particularly important for lower mass-region of the
many BSM searches, and LArTPC are the Key technology for the search.

* Shower like topology for better signal yield, benefiting higher BR (HNL) and unique
signature different BSM model (Dark Tridents, Low Mass Dark matter)

* (Clean signature, less background, cover larger parameter space of the many BSM models

Studying performance of the two shower reconstruction of the NuMI beam using SPINE.

uBooNE Collab. Meeting: V. Paolone/UPitt



ICARUS PMT Timing System

* The scintillation light is collected by 360 Hamamatsu R5912-MOD 8” PMTs

* Sensitive to vacuum ultraviolet (VUV) photons using tetraphenyl butadiene coating deposited
on their external window.

* The PMTs are installed behind the wire planes of each of the 4 TPCs

* 90 PMTs per TPC

Cosmic Ray
Taggers (CRT)

S7PMTs behind the
anode
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BSM Searches with PMT Timing

Sk Any BSM(i.e. HNLs) may travel slower than neutrinos

3k Measure heavy neutral lepton (HNL) time-of-flight delay using the ICARUS Detector
and NuMI Beam

3k Core observable : The delay with respect to neutrinos

%k 1. Heavy Neutral Lepton Time-of-Flight Delay:

The time delay relative to a neutrino is Aty = L (1 1)
HNL — E a

2. Detector Timing Contributions:
The reconstructed time includes detector resolution: [ wpicsivaies:

Source

PMT transit time spread

Odet = \/O-PMT + Uclcctromcs +o photon

Electronics jitter

Phaton propagation in LAr

3. Beam timing uncertainty: bunch spacing: Tounch =18.8 ns
spill fiming jitter: 0.8ns

4. Total Reconstructed Timing : treco = ALHNL + 8det + Obeam Saer ~ N0, Taer)

J'beam 2 N(O, abeam)

Work in Progress. ICARUS CM meeting, 23 April, 2026, A.Chatterjee

NuMI Bunch Structure
h1EW
1989322

E ~0.3401 50 1o T Gumulative NuMI Bunch Widih
= Std Dev 2.091
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il il
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Vector Portal Model

[Holdom]
[Pospelov, Ritz,Voloshin]
SM B B BN B Em X [Hooper, Zurek]
€ ’ [Arkani-Hamed, et al]
— ald ’
5 FoF

1 1 € y
(£ 1Duxl? = m2IxP = §(Fl)? + g% (4)? = SELF + ..

2 2 M

* Dark photon (A’) mediates interaction between DM and SM
* 4 new parameters; MM, T A, XD, €

‘Dark-Photon Coup[€5 to Coupling between mediator and particle

SM FA, land €2amAr X'o'
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Vector Portal: Signal Characteristics

< Production of DM beam:

\

.
Xf'o

Neutral mesons decays
Bremsstrahlung + vector

\ meson mixing

*Detection of DM via scattering

\ ‘\jrf

L}
= |nelastic NC neutral pion -

. . Deep Inelastic scattering
like scattering

+ DM-e elastic (ye — ye) process is one of the golden channel to look for any
scattering signature coming from heavy particle (sub-GeV DM)

« E, 992 is an important kinematical variable to separate neutrino-e background.

— Event timing relative to bunch center will be useful for background reduction
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Milli-charge Particle Searches

* Hypothetical particles with small electric charge: Q =ce, e<1

/Troc[uction in NuMI beam \ / Detection signature \

% C e
* m(CPs produced in proton—target Very small ionization deposits (“blip-like

interactions via: hits)

° 710 /1 decays—> y*—> xX * Multiple aligned low-energy hits along

® Drell-Yan processes . beam c[lrect%on N
° off-shell photon radiation No hadronic vertex activity

N AN

*Expected ICARUS sensitivity (NuMI mCP searcﬁ)
® Mass range: ~10 MeV to 300 MeV
® Charge reach: e¢~10*—107°
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Summary

* ICARUS/SBN has a rich BSM physics program exploiting the potential of the NuMI
beamline
* MeV portal (MeV'Prtl) publication has been uploaded to arXiv .
* 4 di-muon final search has been published
* The HNL analysis focusing on a two-track-like signature is currently in progress.
* 4 shower-like final-state signature analysis has begun.
* Additional BSM opportunities include sub-GeV dark matter searches,

millicharged particles, and other beyond-the-Standard-Model scenarios.
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