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Is the Standard Model Complete?

2

Dark Sector Physics at High-Intensity Experiments 3

Objectives and structure of this report. This report summarizes the scientific importance of and
motivations for searches for dark-sector particles below the EW scale, the current status and recent progress
made in these endeavors, the landscape and major milestones motivating future exploration, and the most
promising and exciting opportunities to reach these milestones over the next decade. We summarize the
di↵erent experimental approaches and we discuss proposed experiments and their accelerator facilities. In
addition, as part of the Snowmass process, we defined three primary research areas, each with associated
ambitious—but achievable—goals for the next decade. This categorization is motivated, in part, by how we
search for DM in di↵erent scenarios. When DM is light, portals to the dark sector allow its production and
detection at accelerators (e.g., in mediator decay if the DM is lighter than half of the mediator mass, or
coupled through an o↵-shell mediator). In fact, accelerators can probe DM interaction strengths motivated
by thermal freeze-out explanations for the cosmological abundance of DM. If DM is heavier, the mediator
decays into visible SM particles. In addition to thermal DM models, visible mediators also arise in theories
that address various open problems in particle physics (e.g., the strong-CP problem, neutrino masses, and
the hierarchy problem). A third scenario is where the dark sector is richer, which can lead to decays of
the mediator to both DM and SM particles, or to other final states not considered in the standard minimal
benchmark models. Each of these research areas is discussed in detail in this report.

Theoretical Framework

The leading possible interactions between ordinary and dark-sector particles, classified below, are known
as portals. The strength of portal interactions can be naturally suppressed by symmetry reasons, and can
arise only at higher orders in perturbation theory. Figure 1 shows a schematic representation of the dark-
sector paradigm. This simple scenario where dark-sector particles only couple indirectly to ordinary matter
naturally leads to feeble interactions, and opens the door to the possibility that BSM physics may exist
below the EW scale. In fact, the mass of dark-sector particles might be naturally light if protected by some
symmetry (this is the case, e.g., for ALPs). In addition, the inherently feeble interactions of dark-sector
matter with ordinary matter provides a natural thermal-production origin for DM for the case where DM
is light, extending the well-known WIMP miracle to lower mass scales. Due to the Lee-Weinberg bound,
light mediators are generically needed if DM is at or below the GeV scale. Therefore, testing the dark-sector
hypothesis requires innovative high-intensity experiments, not necessarily high energies.

The landscape of potentially viable dark sectors is broad with many regions largely untested experimentally
and unexplored theoretically. Even so, the physics of dark sectors can be systematically studied using the
few allowed portal interactions as a guide. The gauge and Lorentz symmetries of the SM greatly restrict how
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Figure 1. Cartoon schematic of the dark-sector paradigm. The same complexity observed in ordinary
matter, as described by the Standard Model, may also be present in the dark sector. Interactions between
the Standard Model and the dark sector can arise via the so-called portal interactions.

Community Planning Exercise: Snowmass 2021

No! We have evidence that it is incomplete!
Neutrino oscillations are one prominent example of BSM physics!
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Neutrino Anomalies - Additional 
neutrino states?
• Majority of experimental 

results consistent with 
3-flavor neutrino 
oscillation paradigm
• Anomalies in short-

baseline neutrino 
experiments
- The “reactor anomaly” in 

the 𝝂e disappearance 
channel 

- LSND and MiniBooNE in 
the 𝝂e appearance 
channels  

• One hypothesis is an 
eV-scale “sterile 
neutrino” 

3

Majority of the experimental results are consistent with the 
“standard” three-flavor neutrino framework.

Several “anomalies" hint toward at least an additional flavor of 
neutrinos -- eV-scale light sterile neutrinos
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The Fermilab Short Baseline Neutrino (SBN) Program
• Program based at Fermilab designed to definitively probe the sterile neutrino 

hypothesis of the MiniBooNE anomaly
• The detectors all use the common liquid argon TPC (LArTPC) technology as 

well as the Booster Neutrino Beam (BNB) as a common beamline
• Ability to also measure neutrino-argon interaction cross sections and also 

Beyond the Standard Model (BSM) signatures 
- ICARUS is also exposed to the Neutrinos from Main Injector (NuMI) beam at 6 degrees 

off axis!
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J. Zennamo, Fermilab

Short-Baseline Neutrino Program at Fermilab
The SBN Program is three LArTPC on a shared beam

Common beam, detector, and target offer systematic constraints 

Other power features: short baseline, a second (very off-axis) 
neutrino beam, and detectors with low thresholds
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110 m 470 m 600 m0 m

Booster  
Neutrino Beam

NuMI 
Neutrino Beam

SBND
(2023)

MicroBooNE 
(2014-2020)

ICARUS  
(2021-)

112 tons 476 tons89 tons

Not to scale!

Graphic inspired by Marco Del Tutto

νμ 93.6%, νμ 5.86%, νe 0.5%, νe <0.1%

νμ 81%, νμ 13%, νe 5%, νe 1%
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Liquid Argon TPCs as a Medium for Discovery

5

• Particles traveling through the 
argon medium ionize the argon 
nuclei

• Electrons drift to wire planes with 
presence of electric field in the 
detector

• LArTPCs are capable 
calorimeters and also 3D-
tracking capable detectors for 
particle ID at the same time
- Scintillation light collected by 

photomultiplier tubes for precise 
event timing and event calorimetry!
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The ICARUS Detector

• LArTPC detector with 760 tons 
total mass and 476 tons active 
mass
• Two identical cryostats each 

divided into 2 TPCs with a central 
cathode
- 1.5 m drift distance, 3 wire planes
- Drift field at 500 V/cm
• Instrumented with 360 PMTs 

coated with the wavelength shifter 
TPB
• High coverage cosmic ray tagger 

(CRT) system to tag and remove 
cosmic backgrounds
- See A. Heggestuen’s poster for 

more information on ICARUS 
cosmic rejection strategies!
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The ICARUS Detector

• Full detector operated at LNGS 
from 2010-2014
- See H. Carranza’s talk from New 

Perspectives on inelastic DM 
searches using data from this 
period!

• Detector upgraded at CERN and 
moved to Fermilab in 2018 to 
become the far detector for the 
SBN program
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ICARUS T600
• Total mass of 760 t of Lar, active mass of 476 t.

• Two identical cryostats (T300 modules).

• Each module is divided in 2 TPCs with 1.5 m 
drift, 3 wire planes and a common 75kV 
cathode.

• Fully instrumented with 360 PMTs coated TPB.

• Almost fully covered by a Cosmic Ray Tagging 
System (CRT).

• 3 m concrete overburden. 
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BNB Neutrino beam
ICARUS being installed at FNAL, c. 2018

Neutrinos from 
NuMI off-axis
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ICARUS Installation and Current Status
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Evolution of the ICARUS detector

05/19/22 Angela Fava | Fermilab Neutrino Seminar11

Sept 2020 Dec 2021

May 2022

Evolution of the ICARUS detector
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Evolution of the ICARUS detector

05/19/22 Angela Fava | Fermilab Neutrino Seminar11

Sept 2020 Dec 2021

May 2022

September 2020 December 2021

May 2022

Top CRT panels

3m concrete 
overburden
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Commissioning the ICARUS Detector at Fermilab
• ICARUS filled with LAr in April 2020 and was fully operational in August 2020

9Figure 18. Gain distribution for 354 PMTs after the
fine tuning equalization. The automatic procedure
was not applied on 6 PMTs (not present in the plot)
that were manually calibrated.

in Fig. 20 for horizontal (left) and vertical (right)
modules. Before the installation of the over-
burden the mean rate was ⇠ 610 Hz and 260 Hz
for horizontal and vertical modules, respectively.
After the installation of the overburden the rates
reduced to 330 Hz and 180 Hz for horizontal and
vertical modules, respectively. Except for varia-
tion due to concrete blocks placement above the
detector, the rates are stable on a time scale of
months.
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Figure 19. Side CRT cosmic event rates as a function
of time. The black points corresponds to the rates
from the north side CRT wall, the pink and blue
points corresponds to East and West north walls, and
the remaining walls are at 1 kHz rate.

6.4 Triggering on the BNB and NuMI neu-

trinos

The initial ICARUS trigger system exploits the
coincidence of the BNB and NuMI beams spills,
1.6 µs and 9.6 µs respectively, with the prompt
scintillation light detected by the PMT system in-
stalled behind the wire planes of each TPC [30].

The generation of the beam spill gates is
based on receiving the “Early Warning” (EW)
signals for BNB and NuMI beams, 35 and 730 ms
in advance of protons on target, respectively.
LVDS signals from the PMT digitizers, in terms
of the OR signal of adjacent PMTs, are pro-
cessed by programmable FPGA logic boards to
implement trigger logic for the activation of the
ICARUS read-out. Additional trigger signals are
generated for calibration purposes in correspon-
dence with a subset of the beam spills without
any requirement on the scintillation light (Min-
Bias trigger) and outside of the beam spills to
detect cosmic ray interactions (O�-Beam trig-
ger).

To synchronize all detector subsystems’
read-outs with the proton beam spill extraction
at the level of few nanosecond accuracy, a White
Rabbit (WR) network [31] has been deployed for
distributing the beam extraction signals. An ab-
solute GPS timing signal, in the form of PPS, is
used as a reference for generating phase locked
digitization clocks (62.5 MHz for the PMT and
2.5 MHz for the TPC) and for time-stamping
the beam gates and trigger signals. In addition,
the signals of Resistive Wall Monitor detectors
(RWM) at 2 GHz sampling frequency are also
recorded to precisely measure the timing and
the bunched structure of protons on target, see
Fig. 21.

In the presence of a global trigger signal,
1.5 ms and 30 µs acquisition windows are acti-
vated for the TPC and PMT signal recording,
respectively. In addition, PMT waveforms are
collected inside a 2 ms time window around the

– 18 –

PMT gain equalization

LAr purity over commissioning period

TPC noise measurements on 
the three wire-planes ~ 550 e-/ADC, SNR = 9

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

Figure 13. Peak signal-to-noise ratio (PSNR) of ion-
ization signals for each of the three TPC wire planes
using cosmic muons in ICARUS data. Coherent noise
is removed from the TPC waveforms prior to iden-
tification and measurement of the ionization signal
amplitude. See text for details on the cosmic muon
data selection.

the track) to the anode (other end of the track),
so the ratio should provide the drift velocity of
the ionization electrons in liquid argon at the
nominal drift electric field of roughly 500 V/cm
and temperature of roughly 87.5 K.

A correction is made to account for a small
bias in precisely reconstructing the drift times as-
sociated with the track end points, derived from
Monte Carlo simulation. A Crystal Ball func-
tion1 is then fit to the maximum ionization drift
time distribution associated with cosmic muon
tracks in each TPC volume (two per cryostat),
with the peak value of each fit used in the ion-
ization drift velocity calculation. The results of
the ionization drift velocity measurements in the
west cryostat are shown in Fig. 14. The results
of the measurements, roughly 0.1572 cm/µs for
both TPC volumes in the west cryostat, agree
with the predicted value of 0.1576 cm/µs to
within 0.3% [23, 24].

1The Crystal Ball function, named after the Crystal
Ball Collaboration, is a probability density function com-
monly used to model various lossy processes in high-energy
physics. It consists of a Gaussian core portion and a power-
law low-end tail, below a certain threshold.

Figure 14. Results of the ionization drift veloc-
ity measurement using ICARUS cosmic muon data.
Shown are Crystal Ball fits to the maximum ioniza-
tion drift time distributions associated with anode-
cathode-crossing cosmic muons in the two TPCs in
the west cryostat.

Electric field distortions in near-surface
LAr-TPCs can arise due to the accumulation
of space charge, i.e. slow-moving positively-
charged argon ions originating from cosmic
muon ionization within the detector [25]. These
argon ions, which drift slowly toward the cath-
ode at a drift velocity of several millimeters per
second at a drift electric field of 500 V/cm [24],
linger around long enough to create substantial
electric field distortions that pull ionization elec-
trons toward the middle of the TPC volume as
they drift toward the anode. These electric field
distortions lead to biases in reconstructing the
point of origin of ionization within the detector,
a secondary e�ect referred to as "spatial distor-
tions" in LAr-TPC detectors; collectively, these
two related distortions are referred to as space
charge e�ects (SCE).

Using anode-cathode-crossing cosmic
muon tracks, the magnitude of SCE in the
ICARUS detector is estimated by utilizing
methodology developed to measure SCE in
previous near-surface running of the ICARUS
detector [26]. The results of measurements in
the two TPC volumes of the west cryostat are
shown in Fig. 15, where they are compared

– 15 –
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ICARUS is Taking Physics Data!
• ICARUS completed commissioning in 

June 2022 and is now taking data with 
both the BNB and NuMI neutrino 
beams collecting protons on target 
(POT) at >=95% efficiency

• We are using these data taken during 
this period to understand the detector 
performance and inform the first 
physics analyses from ICARUS

10

We see the expected beam related excess!

ICARUS Data
Preliminary

ICARUS Data
Preliminary

Data taken Dec 2022-present
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Understanding the ICARUS Detector
• ICARUS is making a number of detector physics measurements that advance 

the global understanding of LArTPC detectors
• Angular dependence of the liquid argon recombination model 

11

ArgoNeuT measurement: JINST 8 P08005 (2013)

dE/dx = (dQ/dx)/(R Wion), (2.7)

to determine the stopping power given a measured value of the charge deposited per unit length,
dQ/dx, along the particle trajectory. The result, using the Birks model form for R is

dE/dx =
dQ/dx

AB/Wion � kB · (dQ/dx)/E
. (2.8)

Spurious values of dE/dx result when the denominator approaches zero (at large values of dQ/dx).
In contrast, the inverse Box equation has an exponential form that does not suffer from this malady:

dE/dx = (exp(bWion · (dQ/dx))�a)/b . (2.9)

In summary, the Birks model provides a consistent description of recombination over a limited
range of dE/dx but there are technical difficulties applying it to calorimetric reconstruction at high
ionization. The Box model has no technical difficulties but has inadequate behavior at low dE/dx.

This deficiency in the Box model can be corrected by allowing a < 1 as illustrated in figure
1. The recombination factor using the Birks model with ICARUS parameters is shown by the blue
curve with an electric field of 0.5 kV/cm and liquid argon density of 1.383 g/cm3. One can adjust
the canonical Box model b value to 0.30 cm/MeV to match the blue curve at dE/dx = 7 MeV/cm
and achieve good qualitative agreement to very high values of stopping power (solid red curve).
The significant disagreement at low dE/dx can be eliminated by setting a = 0.93 while keeping
b = 0.30 cm/MeV (dotted red curve). In this report we will refer to this case as a “modified Box”
model.

Figure 1. Qualitative comparison of the recombination factor for the Birks equation using ICARUS param-
eters (blue curve), the “canonical” Box model with a = 1 and b = 0.30 (red curve) and a “modified Box"
equation with a = 0.93 and b = 0.30 cm/MeV (dotted red curve).

In the analysis of ArgoNeuT data, we perform fits to the Birks model recombination param-
eters AArgo and kArgo in different angular bins, and to the modified Box model recombination pa-
rameters a and b in different angular bins to test the validity of the f dependence predicted by the
columnar theory.

– 4 –
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Understanding the ICARUS Detector
• ICARUS is making a number of detector physics measurements that advance 

the global understanding of LArTPC detectors
• Liquid argon drift velocity as a function of the cryogen temperature

12
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Understanding the ICARUS Detector
• ICARUS is making a number of detector physics measurements that advance 

the global understanding of LArTPC detectors
• Liquid argon electron diffusion measurement 
• First measurement of transverse diffusion in this electric field range!

13
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Current Physics Searches Envisioned with ICARUS

• ICARUS is currently pursuing a number of physics studies focusing on 
contained particle track reconstruction
• Single-detector oscillation measurements using charged-current quasi-

elastic events
• ICARUS-only BNB 𝝂𝝁 disappearance analysis sensitive to large mixing 

angle, large 𝜟m2 parameter space focusing on a 1 muon, 1 proton final 
state
• NuMI 𝝂e disappearance is also the relevant channel for claimed sterile 

neutrino observation from the Neutrino-4 experiment (Phys. Rev. D 104, 
032003 (2020)) 

• Neutrino-Argon cross section analyses with the NuMI off axis focusing on 
identifying events with 1 muon and at least 1 proton
• BSM searches initially focusing on muon final state signatures 

14
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ICARUS is Identifying Neutrino Interactions!

15

𝝂𝝁 charged current 
quasi-elastic candidate

ICARUS Data
Preliminary

41. THE ICARUS DETECTOR GRAY PUTNAM           UNIVERSITY OF CHICAGO

Neutrino images at ICARUS

Neutrino Images in ICARUS

Image from one TPC inside each cryostat

https://news.fnal.gov/2021/05/icarus-gets-ready-to-fly

μ

p
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BNB DataNuMI Data

Candidate Candidate

▪ ICARUS is now taking neutrino beam data

ICARUS Data 
Preliminary

𝝂e charged current 
quasi-elastic candidate
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ICARUS Neutrino Event Reconstruction
• Once neutrino candidate events are 

identified, need to understand the 
particles in the interaction and resolve the 
final state

• We employ parallel reconstruction 
pathways
• One path is the Pandora multi-algorithm 

pattern recognition based reconstruction
• An alternative path to reconstruction 

employing Machine Learning (ML) 
techniques

• These two approaches can benefit one 
another as they are further developed 
and will allow us a powerful cross-check 
of our measurements

• Initial comparisons between visually 
identified 𝝂𝝁 candidate interactions and 
the automatic reconstruction of those 
interactions is promising 
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9

Outputs of the Reconstruction
The reconstruction groups the 3d points at two 

different levels: 

Particles: hits that are predicted to belong to 

the same particle instance 

Interactions: hits that are predicted to 

belong to the same interaction group (set of 

particles) 

Each particle object has a predicted particle type 

(photon shower, electron, muon, pion, or proton) 

and is classified as a primary if it is an immediate 

product of the interaction

νμ + Ar → 1μ + 1p

ICARUS Simulation 
Preliminary

Neutrino
Proton

Muon

Michel Electron

Delta Ray (tiny)

Particle ID

ICARUS Data
Preliminary
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ICARUS Event Selections for Oscillation Analyses
• Initial measurements focusing on 

1 muon and 1 proton final states in 
order to make a 𝝂𝝁 disappearance 
measurement
• Simplest place to start as we can 

identify and reconstruct these 
events well
• Focus on high-purity sample of 

well-reconstructed events 
without complications of 
hadronization
• We can fiducialize these events 

and can successfully separate 
the muon and the proton 
candidate tracks

17
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ICARUS Event Selections for Oscillation Analyses
• Initial measurements focusing on 

1 muon and 1 proton final states in 
order to make a 𝝂𝝁 disappearance 
measurement
• Simplest place to start as we can 

identify and reconstruct these 
events well
• Focus on high-purity sample of 

well-reconstructed events 
without complications of 
hadronization
• We can fiducialize these events 

and can successfully separate 
the muon and the proton 
candidate tracks
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Purity = fraction of selected events that are true 1𝝁1p
Efficiency = fraction of true 1𝝁1p selected

ICARUS MC
Preliminary
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Argon Cross Section Program using NuMI off-axis

• ICARUS will have excellent statistics 
for neutrino-argon cross section 
measurements in both electron and 
muon channels
• The expected electron/muon neutrino 

spectra from NuMI covers a lot of 
relevant phase space for DUNE

19

Minerba Betancourt

We measure differential cross sections

18

Unfolding

Events Selected

Backgrounds

Acceptance
Flux Targets

Bin-width

• The NuMI off axis working group ran a workshop last May (May 18-20) at Fermilab: 
https://indico.cern.ch/event/1278628/

• Organizers: Minerba Betancourt, Stephen Dolan and Dan Cherdack 
• The goal of the workshop was to review the ongoing NuMI off-axis analyses and 

discuss the strategy to complete all steps for the first round of physics analysis 
• We had a few review talks including overview of ingredients to make a cross 

section measurement, reconstruction and presentations from ongoing analyses
• Discussion and working time were focused to follow up with each of the 

ingredients to make a cross section measurement

• We have a pretty long task list for analyzers, one of the priorities is the 
development and evaluation of detector systematics

Recent Activities

3

Minerba Betancourt

• Excellent statistics to make cross section measurements for quasi-elastic and pion 
production scattering, for both electron and muon neutrinos

23

Neutrino Interactions from NuMI off axis at ICARUS

Muon Neutrino Electron Neutrino

The ICARUS detector is located on-axis from the Booster beam and 103 mrad o↵-axis from the NuMI
beam. The ICARUS detector serves as the far detector of the SBN; the main goal is to find or rule out
a fourth, so called ”sterile” neutrino, using the Booster neutrino beam. Also, ICARUS will collect a rich
data set for muon and electron neutrinos including quasi elastic, resonance, meson exchange current and
deep inelastic events from NuMI neutrino beam. Table 1 shows the expected events rates for one year
(6E20 POT) from NuMI, NuMI neutrino beam is scheduled to run for the coming three years. NuMI
has a higher electron neutrino content dominated by k+ and K0 decays. The majority of the neutrinos
reaching ICARUS are produced near the beam target.

ICARUS will make cross section measurements, including ratio ⌫e/⌫µ, inclusive and exclusive channels
(resonance (RES) and deep inelastic(DIS)), RES and DIS are the dominant processes for DUNE.

Muon neutrino CCQE CCMEC CCRES CCDIS COH
6E20 POT 186400 40262 142780 77060 77060

Electron neutrino CCQE CCMEC CCRES CCDIS COH
6E20 POT 8256 2000 7905 3678 61

Table 1: Expected event rates for muon and electron neutrinos. Predictions were obtained with GENIE
3 and do not make any assumptions about e�ciencies or detector acceptance

The DUNE technical design report outlines the impact of systematic uncertainties [1]. Many uncer-
tainties are constrained in the external data and DUNE near-detector data, but some uncertainties are
not reduced by the near detector. For example, the ⌫e/⌫µ ratio uncertainty is completely unconstrained
in the oscillation fits for the search for CP violation. This is shown in table 5.12 and figure 5.35 in [1].
The ⌫e/⌫µ ratio uncertainty is a leading source of the cross-section uncertainty in the DUNE far detector.
The ⌫e/⌫µ measurement from ICARUS will provide a constraint given its increased kinematic coverage
and higher electron neutrinos content.

References

[1] Deep Underground Neutrino Experiment (DUNE), Far Detector Technical Design Report, Volume
II: DUNE Physics, https://arxiv.org/pdf/2002.03005.pdf

1

Expected event rates for 1 year 
CC Events/year
νμ 446,000
νe 22,000Minerba Betancourt

• Excellent statistics to make cross section measurements for quasi-elastic and pion 
production scattering, for both electron and muon neutrinos
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Muon neutrino CCQE CCMEC CCRES CCDIS COH
6E20 POT 186400 40262 142780 77060 77060

Electron neutrino CCQE CCMEC CCRES CCDIS COH
6E20 POT 8256 2000 7905 3678 61

Table 1: Expected event rates for muon and electron neutrinos. Predictions were obtained with GENIE
3 and do not make any assumptions about e�ciencies or detector acceptance

The DUNE technical design report outlines the impact of systematic uncertainties [1]. Many uncer-
tainties are constrained in the external data and DUNE near-detector data, but some uncertainties are
not reduced by the near detector. For example, the ⌫e/⌫µ ratio uncertainty is completely unconstrained
in the oscillation fits for the search for CP violation. This is shown in table 5.12 and figure 5.35 in [1].
The ⌫e/⌫µ ratio uncertainty is a leading source of the cross-section uncertainty in the DUNE far detector.
The ⌫e/⌫µ measurement from ICARUS will provide a constraint given its increased kinematic coverage
and higher electron neutrinos content.

References

[1] Deep Underground Neutrino Experiment (DUNE), Far Detector Technical Design Report, Volume
II: DUNE Physics, https://arxiv.org/pdf/2002.03005.pdf
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Event selections for Cross Section Analyses 
• Initial cross section analyses also 

focusing on selecting events that 
we can reconstruct well focusing 
on inclusive selections with 1 
muon in the final state
• Selection proceeds with same 

idea as for the oscillation 
analysis 
• Simple final state where we 

can correctly identify the 
particles in the final state
• Can fiducialize and select a 

high-purity sample of candidate 
events using the reconstruction

• See G. Moreno’s talk from New 
Perspectives and poster here 
for more!
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• Starting to study events with one muon and N Protons                                                                                  
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440k !μ CC events in 1 year 

Electron and muon neutrino spectra from NuMI at ICARUS includes a substantial event rate at the DUNE first oscillation peak
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Neutrino cross sections measurements are crucial for understanding neutrino interaction with matter and 
informing oscillation measurements. Also, neutrinos are background for BSM searches!
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• Neutrino cross section measurement with NuMI  
• Developing and optimizing muon neutrino event selection
• Comparing different data sets after inclusive selection cuts

Muon Neutrino from NuMI beam at ICARUS
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Considering the inclusive selection:
● The slice is not a Pandora clear cosmic, 

● Vertex in fiducial volume,

● Longest track's Y-direction (under Cosmic 

Ray hypothesis) > -0.7,

● Flash Match Score < 12 

● µ track (search for µ signals)

Inclusive Selection

NuMI beam ON   = 2438
NuMI beam OFF = 791

More details of this study can be found 
here: doc-29307 and doc-29535

(For Approval)

PRELIMINARY

w/o any cut

NuMI beam ON   = 416474 
NuMI beam OFF = 355950

PRELIMINARY

Selection Using NuMI Data
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• Inclusive selection cuts 
• Vertex in fiducial volume
• Longest track’s Y direction
• Requiring PMT-TPC matching 
• Muon candidate   

PRECISION STUDIES OF NEUTRINO-ARGON INTERACTIONS IN SBN 
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440k !μ CC events in 1 year 

Electron and muon neutrino spectra from NuMI at ICARUS includes a substantial event rate at the DUNE first oscillation peak

20k !e CC events in 1 year 

Neutrino cross sections measurements are crucial for understanding neutrino interaction with matter and 
informing oscillation measurements. Also, neutrinos are background for BSM searches!

ICARUS Data
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Searching for Beyond the Standard Model Physics with ICARUS
• ICARUS can take advantage of the NuMI beam off axis for powerful BSM physics 

searches
• Currently focusing on two channels, a Higgs Portal Scalar channel and a vector 

portal Light Dark Matter channel

21

BSM Physics: Scalar / Higgs Portal

82. BSM PHYSICS: HIGGS PORTAL GRAY PUTNAM           UNIVERSITY OF CHICAGO

▪In the Higgs Portal, there is a new scalar with couplings to the SM through a 
small mixing with the SM Higgs

▪This scalar would be produced in Kaon decay when Ms < mK – mπ

Estimated sensitivity from:
Phys. Rev. D 100, 115039

KDAR 𝑒+𝑒−, 𝑒+𝑒− 𝜇+𝜇−
Higgs Portal Scalar production/
detection channels

Vector portal dark matter: e signal

3

Production of DM beam:

Detection of DM via scattering:

A.Chatterjee,   et.al.

 June 21,2023, A.Chatterjee, 

Vector portal dark matter: e signal

3

Production of DM beam:

Detection of DM via scattering:

A.Chatterjee,   et.al.

 June 21,2023, A.Chatterjee, 

ICARUS

NuMI

Light Dark Matter production/detection channels
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Higgs Portal Dark Scalar Searches with ICARUS

• Analyses looking at di-muon final states as 
well as e+/e- final states from kaon decays 
both in-flight and at-rest

22

BSM Physics: Scalar / Higgs Portal

82. BSM PHYSICS: HIGGS PORTAL GRAY PUTNAM           UNIVERSITY OF CHICAGO

▪In the Higgs Portal, there is a new scalar with couplings to the SM through a 
small mixing with the SM Higgs

▪This scalar would be produced in Kaon decay when Ms < mK – mπ

Estimated sensitivity from:
Phys. Rev. D 100, 115039

KDAR 𝑒+𝑒−, 𝑒+𝑒− 𝜇+𝜇−

Phys. Rev. D 100,115039 (2019)ICARUS MC
Preliminary
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(Some) Future Physics Searches Envisioned with ICARUS

• Analyses focusing on EM shower reconstruction
• Both BSM searches and cross section analyses using electron and photon 

final states

23

MC study of pi0 invariant mass peak reconstruction using ML reconstruction chain

ICARUS MC
Preliminary
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(Some) Future Physics Searches Envisioned with ICARUS

• Analyses focusing on EM shower reconstruction
• Both BSM searches and cross section analyses using electron and photon 

final states
• Joint oscillation analysis with SBND in both 𝝂𝝁 and 𝝂e channels
• See R. Acciarri’s talk next for SBND status!

24

Minerba Betancourt

• Searches for both νμ disappearance, νe appearance and νe disappearance

• SBN cover much of the parameters allowed by past anomalies at >5σ significance 
• Directly address existing tensions observed in the combined appearance and 

disappearance data 

Sensitivity of SBN program 

11
Rhiannon Jones Neutrino interaction physics at SBND

SBN oscillations: Sensitivities
νμ disappearance νe appearance νe disappearance

● New sensitivity plots from SBN using up-to-date 
models, systematics and geometries with respect to 
the SBN proposal (2015)

● As the near detector, SBND will carefully 
constrain the interaction and flux systematics 

● In two/three sterile oscillation channels, SBN will 
be sensitive to the parameter space favoured by 
previous measurements at the 5σ confidence level

● Directly address existing tensions observed in the 
combined appearance and disappearance data

46

External data:
IceCube νμ 2020
MiniBooNE νμ 2011
MINOS/MINOS+  νμ 
2017

MiniBooNE  νe 
2013
KARMEN  νe 2002
LSND  νe 2001

T2K νe 2014

νe appearanceνμ disappearance νe disappearance
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Summary

• Neutrino oscillations are a prominent example of BSM physics and a fourth 
sterile neutrino state can be postulated to explain recent anomalies  
• The ICARUS experiment is currently operating at Fermilab as part of the 

SBN program and is currently taking physics data after completing its 
commissioning period in June 2022
• The SBN program is designed to probe the sterile neutrino hypothesis of the 

MiniBooNE and LSND anomaly with the near detector SBND and the far 
detector ICARUS
• ICARUS has begun identifying, reconstructing and making selections of 

candidate neutrino interactions focusing on contained tracks 
• ICARUS can search for a variety of physics including single detector 

oscillation physics in addition to BSM physics
• There are a number of ongoing physics analyses taking advantage of the 

ICARUS data 

25
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Thank you!

Questions?
26



6/30/2023 J. Zettlemoyer | Current Status and Prospects of ICARUS

Backup Slides
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Massive Neutrinos and Neutrino Oscillations
• Neutrinos were first predicted as 

massless in the Standard Model
• Evidence initially from solar and 

atmospheric neutrino measurements that 
neutrinos oscillate and must be massive
- Definitive measurement by Super Kamiokande

28

T. Kajita
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Massive Neutrinos and Neutrino Oscillations
• Mass states connected to flavor states by 

the Pontecorvo-Maki-Nakagawa-Sakata 
(PMNS) matrix
• Probability for (two-flavor) oscillations is:

29
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Target Nucleus Det. Technology mass (kg) nuc. recoil threshold (keV) Deployment

CsI Scintillating Crystal 14 5 2015-2019

Ar Single-phase Noble Liquid 24 20 2017-2021

NaI[Tl] Scintillating Crystal 2500 13 2022

Ge HPGe PPC 18 <5 2022

Ar Single-phase Noble Liquid 750 20 2025

Ge HPGe PPC 50 <5 2025

CsI Cryogenic CsI ⇠ 10 1.4 2025

1
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ICARUS Trigger System
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Beam_Majority trigger: working principle

2

LVDS 1

LVDS 2

LVDS n

Majority of N LVDS

GATE SIGNAL 
Example: 1.6 μs for BNB

}TRIGGER PRIMITIVE: 
Majority of N LVDS 
formed by PMT pairs 
over a given threshold 

IT’S A GLOBAL TRIGGER!  
When a trigger primi>ve is found in 
coincidence with the beam gate! 

PMT PAIRS: 
both OR and 
AND logics are 
possible 

‣ The ICARUS trigger system rely on the 
scin>lla>on light recorded by Photomul>pliers 

‣ A majority of the discriminated pairs of PMT 
signals (LVDS) is used to generate trigger 
primi?ves in coincidence with a gate signal, 
such as the spill of NuMI or BNB beams. 

‣ When this logic is sa>sfied a global trigger 
signal is produced to start the readout of the 
event on TPC, PMT and CRT.
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Majority of N LVDS 
formed by PMT pairs 
over a given threshold 

IT’S A GLOBAL TRIGGER!  
When a trigger primi>ve is found in 
coincidence with the beam gate! 

PMT PAIRS: 
both OR and 
AND logics are 
possible 

‣ The ICARUS trigger system rely on the 
scin>lla>on light recorded by Photomul>pliers 

‣ A majority of the discriminated pairs of PMT 
signals (LVDS) is used to generate trigger 
primi?ves in coincidence with a gate signal, 
such as the spill of NuMI or BNB beams. 

‣ When this logic is sa>sfied a global trigger 
signal is produced to start the readout of the 
event on TPC, PMT and CRT.

• The ICARUS trigger system operates by 
generating triggers based either on light 
seen by the PMTs (“Majority”) in 
coincidence with the beam spill which 
comes through a precise timing system
- Also can generate triggers without need for 

light activity or equivalent triggers outside the 
beam spill
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Pandora Reconstruction Overview
• One of the ICARUS/SBN 

reconstruction pathways is the 
Pandora multi-algorithm pattern-
recognition kit 

• Has an established interface to the 
common LArSoft software 
framework commonly used at FNAL 
LArTPC experiments and proceeds 
largely as follows:
• Clusters objects together into 

reconstructed particles
• Reconstructs the interaction vertex
• Forms particle hierarchy (parent/

child particles)
• Classifies particles as track like 

(e.g. mu, p, pi+/-, K+/-or shower-
like (e.g. e-, photon)

31

A. Chappell, Pandora development team
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Pandora Reconstruction Overview
• Series of algorithms that on can alter and/or extend
• Can also change which algorithms are applied (can add, remove, modify, 

etc.)
• Can work to improve output, add e.g. deep learning algorithms, either in 

Pandora or downstream

32

A. Chappell, Pandora development team
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Pandora Reconstruction Overview

33
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Machine Learning Reconstruction Overview

34

4

Reconstruction Overview
1. Build 3D points using the three 

wire plane projections

2. Classify points and 

identify points of interest 

3. Build clusters of related 

points

4. Particle aggregation and shower primary 

identification 

5. Interaction aggregation, particle ID, 

primary identification

Convolutional 
Neural Networks 

(CNNs)

Graph Neural Networks 
(GNNs)

J. Mueller, Colorado State U.

arXiv:2007.01335
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Machine Learning Reconstruction Infrastructure
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Reconstruction Infrastructure
1. Tomographic Reconstruction + 

CNN: Sparse-UResNet

2. CNN: UResNet + PPN 

3. DBSCAN + CNN: 

Graph-SPICE

4. GNN: GrapPA-Track/Shower 

5. GNN: GrapPA-Interaction

J. Mueller, Colorado State U.

arXiv:2007.01335
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How ICARUS can probe the Neutrino-4 claim

• NuMI 𝝂e disappearance is also the 
relevant channel at ICARUS for 
testing the claimed sterile neutrino 
observation from the Neutrino-4 
experiment
• ICARUS sits at similar values of L/

E of 1-3 m/MeV as the Neutrino-4 
experiment with the baseline L 
being largely constant
• Expect around 5000 events with 

an EM shower contained within the 
fiducial volume for 1 year of data 
taking (6E20 POT)
• Statistics-only MC predictions 

show the possibility to probe the 
claim with of ICARUS data
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Expected Neutrino-4 signal in ICARUS

• Prediction for Neutrino-4 best fit (black) at BNB
• Expected measured nµ oscillation pattern           

with statistical errors (red)

nµ survival oscillation probability at Booster: 
~8500 QE events with >50 cm contained µ track,        
~ 3 months data taking, ~7 x 1019 pot, DE/E ~ 3 %.

Preliminary MC calculations 

ne survival oscillation probability at NuMI:        
~ 5200 QE events with contained E.M. shower,   
1 year data taking, ~6 x 1020 pot.

• Prediction for Neutrino-4 best fit (blue) at NuMI
• Expected measured ne oscillation pattern with 

statistical errors (red)

Dm214=7.25 eV2, sin22θ14=0.26 

l The analysis will be complemented with a beam-off event sample collected in parallel 
with the beam on will allow to observe the Neutrino-4 modulation!

Fid. Volume: excluding 25 cm from lateral TPC walls, 30 cm (50 cm) from  upstream (downstream) wall.

D. Gibin, DUNE Coll. Meeting, May 26 Slide: 11
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Fig. 7. (Color online) Coherent addition of the experimental result with data selection by variable  for direct observation of
antineutrino oscillation. Comparison of left (blue triangles) and right (red dots, with optimal oscillation parameters) parts of
Eq. (2).

/L E

Fit with such parameters has goodness of fit 89%,
while fit with a constant equal to one (assumption of
no oscillations) has goodness of fit only 31%. It is
important to notice that attenuation of sinusoidal pro-
cess for red curve in area  can be explained
by taken energy interval 0.5 MeV. Considering the
smaller interval of 0.25 MeV, we did not obtain
increasing of oscillation area of blue experimental,
because of insufficient energy resolution of the detec-
tor in low energy region. Thus, the data obtained in
region  do not influence registration of
oscillation process. Using first 21 points in analysis,
we obtained new  and goodness of fit which are
shown under the curve in Fig. 7.

To carry out analysis of possible systematic effects
one should turn off antineutrino f lux (reactor) and
perform the same analysis of obtained data, which
consist of signals of fast neutron from cosmic rays. The
result of that analysis is shown in Fig. 8 and it indicates
the absence of oscillations in analyzed area.

Correlated background (fast neutrons from cosmic
rays) slightly decreases at farther distances from reac-
tor due to inequality of concrete elements of the build-
ing, which comes out as linear decrease (red line) in
Fig. 8a. It results in the green zone at oscillation
parameters, ,  plane, which has abso-
lutely no connection with oscillation effect. The devi-
ation of results from linear law, showed in Fig. 8c, can-
not be the reason of observation of oscillations effect.
Thus, no instrumental systematic errors were
observed.

The scheme of reactor operation and detector
movements is shown in Fig. 9 at the top. The measure-
ments of the background (OFF) and measurements
with reactor in operation mode (ON) are carried out

> ./ 2 5L E

> ./ 2 5L E

χ2

∆ 2
14m θ2

14sin 2

within the exposure period at single detector position.
The stability of the results of measurements is charac-
terized by distributions of ON–OFF difference f luc-
tuations normalized on its statistical uncertainties, in
measurements within one period. The distribution is
shown in Fig. 9 at the bottom.

That distribution has the form of normal distribu-
tion, but its width exceeds unit by 7%.This is a result of
an additional dispersion that is due to f luctuations of
cosmic background and impossibility of simultaneous
measurements of the effect and background. Since the
measurements of the background carried out during
the annual scheduled reactor repair works, when the
reactor is stopped for a month, are added to total
obtained data, then total additional dispersion, which
is a result of background measurements, increases up
to 9%. That is considered as systematic correction of
uncertainties of results of measurements and it results
in decreasing of confidence level of the results shown
in Fig. 6c to 2.8σ.

The result of presented analysis can be summarized
in several conclusions. Area of reactor and gallium
anomaly for  eV2 and  is
excluded at CL more than 99.7% ( ).

However, oscillation effect is observed in area
 eV2, . Taking into consider-

ation the instability of cosmic background we have to
increase the uncertainties of experimental results by
9% relatively to statistical uncertainties, hence confi-
dence level of observation of oscillation effect decrease
to . In general, it seems that the effect predicted in
gallium and reactor experiments is being confirmed but
at sufficiently large value of . Moreover, presented
mixing parameter  is rather big in comparison

∆ <2
14 3m θ > .2

14sin 2 0 1
> σ3

∆ ≈ .2
14 7 3m θ ≈ .2

14sin 2 0 4

. σ2 8

∆ 2
14m

θ2
14sin 2
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(Some) Future Physics Searches Envisioned with ICARUS

• Analyses focusing on EM 
shower reconstruction
• Both BSM searches and 

cross section analyses using 
electron final states
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Relic Density (Complex Scalar)

Relic Density (Majorana)

MiniBooNE from NuMI

ICARUS from NuMI

MicroBooNE from NuMI
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Figure 2. We show a slice of the vector portal dark matter parameter space with ↵D = 0.1
and mV = 3m�. The solid (dotted) black lines show the parameter space for which a complex
scalar (Majorana) dark matter candidate coupled to a DP reproduces the observed dark matter
relic density. The blue shaded region is excluded by the NO⌫A experiment, while the gray shaded
region is excluded by a recast of a physics analysis of BEBC. The other dotted lines show the
projected sensitivity of a new physics analysis of 1021 POT of data for MiniBooNE, ICARUS,
and MicroBooNE taking data from the NuMI beamline. SBN is too far off-axis to provide much
sensitivity to vector portal dark matter produced by the NuMI beamline, and is not shown.

• ICARUS rules out the Majorana thermal target for masses between 6 and 50 MeV.
This result is highly complementary to Belle II and not far from the reach of SHiP
[36], as shown in Fig. 2. We limit our off-axis analyses to MicroBooNE and ICARUS,
as SBND was found to be too far off-axis to achieve good acceptance.

• Our final conclusion is that existing and past facilities can compete with future and
proposed experiments sensitivity [36] in a completely parasitic way to their neutrino
program.
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Shower Completeness Correction

• “Completeness” = amount of visible 
energy/total energy deposited in a 
shower 
• For our ML reconstruction chain, if a 

shower fragment is too small (10 
voxels total or 3 cm), it will not be 
included in the clustering 
• Therefore the energy within that 

fragment will not be counted toward 
the reconstructed energy contained 
in the shower
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energy deposited in small fragments decreases slightly.
This selection introduces an average relative uncertainty
of 4.2% on the final energy reconstruction.
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FIG. 5. Fraction of the energy deposited by a shower in frag-
ments of size 10 voxels and above. The orange markers on the
top pad represent the mean and their error bars the RMS; the
latter is shown on its own in the bottom pad. The green line
is a constant fit to the markers above 100MeV.

Figure 6 shows the fragments constructed upon the
shower voxels of an image using the DBSCAN algorithm.
The goal of the clustering algorithm is to cluster these
fragments together into shower objects.

FIG. 6. Image of the EM shower voxels with a color scale
that represents the DBSCAN cluster ID.

C. Graph Representation

A graph G(V,E) is a collection of nodes V and edges
E ✓ V ⇥ V . Each shower fragment represents a node in
a graph. There is an arbitrary number of ways to build
a graph between the nodes. The optimal choice of input
edges is discussed in section III B. Each node is encoded
as a vector of Fv features and each edge as a vector of Fe

features. Multiple ways of extracting these features are
studied and optimized in section III B.

D. Message Passing

Message passing is used to communicate information
within a graph [11, 17]. During the information propaga-
tion process, at step s+1, edge attributes are updated by
combing the features coming from the nodes it connects
together with its own through

es+1
ij =  ⇥(xs

i , x
s
j , e

s
ij), (1)

with xi, xj the node feature vectors associated with
nodes i and j, respectively, eij the features of the edge
connecting i to j and  a di↵erentiable function such as
a Multi Layer Perceptron (MLP) [18]. In order to up-
date the node features, the message coming from node j
communicated to node i at step s+ 1 is defined as

ms+1
ji = �⇥(xs

j , e
s+1
ji ), (2)

with �⇥ a di↵erentiable function such as an MLP. The
messages coming from the neighborhood N (i)6 of node i
are then aggregated with its own at each step to update
its features following

xs+1
i = �⇥(xs

i , ⇤N (i)m
s+1
ji ), (3)

with �⇥ a di↵erentiable function such as an MLP and
⇤ an aggregation function such as sum, mean or max.
The specific implementation of the di↵erentiable func-
tions and the number of message passing steps are stud-
ied and optimized in section IIID.

E. Loss definition

Downstream of the message passing steps, two fully
connected linear layers reduce the edge and node features
separately to two channels each. The outputs are passed
through the softmax function and the second channel is
used to create a vector of Nv primary scores for nodes,
sv, and a vector of Ne adjacency scores for edges, se. The

6 The neighborhood of node i, N (i), is the set of nodes which are
adjacent to node i in the input graph, i.e. that share an edge
with node i.
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ICARUS Data Blinding

• An interim blinding procedure in currently in place for first ICARUS analyses 
focusing on the oscillation analyses
• 10% of the data is fully available to analyzers
• The remaining 90% is then blinded in the following way
• The momentum of identified muon candidate tracks is blind to analyzers for 

tracks with a value of >600 MeV
• Energy of identified shower candidates is blind to analyzers when the value 

is >600 MeV
• The magnitude of the protons-on-target for the data set is adjusted by an 

unknown offset that may be as large as 30%
• All other reconstructed quantities are available to the analyzer
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