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Short-Baseline Neutrino Program at Fermilab
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Ø LAr-TPC located on-axis of the Booster Neutrino Beam (BNB)
Ø Searching for sterile-n oscillations both in appearance (ne) and disappearance (nµ) channels to confirm/rule out 

previous anomalies from past experiments;
Ø High-statistics n-Argon cross-section measurements and event identification/reconstruction studies:

Ø ~106 events/y in SBND < 1 GeV from BNB;
Ø ~105 events/y in ICARUS > 1 GeV from NuMi off-axis beam.

Phys. Rep. 928:1-63 (2021); Ann.Rev.Nucl.Part.Sci. 69 363-387 (2019)

Booster Neutrino Beam (BNB)

NuMI beam (6o off-axis)

SBND (Under construction) à near detector
110m baseline
2 LArTPC: 112t active volume

ICARUS (TAKING DATA) à far detector
600m baseline
2 modules, 4 LArTPC: 470t active volume
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https://doi.org/10.1016/j.physrep.2021.06.002
https://www.annualreviews.org/doi/abs/10.1146/annurev-nucl-101917-020949


ICARUS detectors system
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Eur. Phys. J. C 83:467 (2023)

Liquid Argon Time Projection Chambers (LArTPC) are high granularity continuously sensitive self-triggering detectors with 
3D imaging and calorimetric reconstruction capabilities of events with complex topologies ideal for n-physics (proposed 
by C. Rubbia in 1977).
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ICARUS T600 à two identical cryostats 

Ø two LArTPC per cryostat with a common 
cathode (Edrift = 500 V/cm);

Ø 3 “non-destructive” readout wire planes with 
different orientation (0o, ±60o) continuosly 
read the ionization electrons (tdri$~ 1ms, 
𝑣!"#$%~1.6 mm/ms);

Ø 90 PMTs per TPC located behind the wires to collect scintillation 
light and provide the interation time and the detector trigger. 

ØCosmic Ray Taggers surrond the cryostats, tagging incoming 
cosmics with ~95% efficiency.

https://link.springer.com/article/10.1140/epjc/s10052-023-11610-y


Scintillation light detection system

Eur. Phys. J. C 83:467 (2023)
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~ 𝟏m

The new ICARUS PMTs mounted behind the 
wires of one TPC.

360 PMTs (8” Hamamatsu coated with TPB) installed behind the
TPC wire planes (5% coverage, 15 ph.e./MeV) allowing to:

• Precisely identify the interaction time of ionizing events in the
TPC (time resolution ~ns).

• Localize events in the PMT plane (spatial resolution <50 cm).

• Roughly determine the event topologies for fast event
selection.

• Generate a trigger signal for readout with a sensitivity to low
energy events (~100 MeV).

The system was completed in 2019 and activated 
after the LAr filling in 2020.

8” Hamamatsu 
R5912-MOD

https://link.springer.com/article/10.1140/epjc/s10052-023-11610-y
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ICARUS main trigger signal is generated by the presence of light signals from PMTs in coincidence with BNB (1.6 µs) and 
NuMI (9.6 µs) beam spills defined using the Early Warning signals of proton beam extractions:

Trigger system and PMT data acquisition
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Ø Beam events are collected requiring at least 5 fired PMT pairs (Mj = 5) inside 
one of 6 m longitudinal slices equipped with 30+30 opposite PMTs;

Ø PMT and CRT signals also recorded in 2 ms around the trigger to recognize 
cosmics crossing LAr-TPCs in 1 ms e- drift time.

n arrival timen arrival time

Beam event excess visible in PMT light signals Eur. Phys. J. C 83:467 (2023)

Additional triggers (primitives) to detect cosmic rays for calibration and background studies for the n-oscillation searches.
• in beam spills w/o any request on the PMT signals
• outside of the beam spills  .

• Trigger rate ~0.7 Hz (0.3, 0.15 and 0.25 Hz for BNB, NuMI and 
off beam respectively) setting the PMT’s threshold at 13 ph.e.

• Trigger efficiency is now under investigation on data (>90% 
above Edep ~ 100 MeV)

https://link.springer.com/article/10.1140/epjc/s10052-023-11610-y
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Study of light signal from cosmic muon
Monte Carlo simulation

6

Scintillation photons (both from neutrino interaction and from 
cosmics):

1. generated from energy deposition and particle type;

2. propagated through LAr à all information of photons 
(location, time, …) reaching each PMT are stored exploiting 
a lookup tables (photon library) previously computed;

3. photon by photon the single photon response is added;

4. also noise is simulated and added to the simulated 
waveforms; 

à if this signal exceed ~ 0.6 ph.e. threshold on a channel, the 
waveform is recorded inside 4 μs window.

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

Example of a typical single photo-electron
(ph.e.) charge distribution

https://link.springer.com/article/10.1140/epjc/s10052-023-11610-y
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Study of light signal from cosmic muon
Number of photoelectron
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The number of photoelectron (n. ph.e.) is determined
independently for each PMT signal (both in DATA and MC):
• AREA of the signal:

1. Subtraction of the baseline;
2. Signals are discriminated against a fixed level;
⟹ AREA = ∑! 𝑉!,#$% (in ADC counts)

• CHARGE = FE & AREA
à FE depends on the electronics characteristics, and 
allows to convert the stored AREA (ADC unit) in charge:

FE = &!"#→%'∆)
*

= +.-.. /0/#$% '.23
4+5

PMT signal as recorded by the light 
detection system electronics.

𝒏. 𝒑𝒉. 𝒆. =
𝐶𝐻𝐴𝑅𝐺𝐸

𝑒 (= 1.6 1 10#$%𝐶) 1
1

𝐺𝐴𝐼𝑁 =
1
𝑒 1

1
𝐺𝐴𝐼𝑁 1 𝐹𝐸 1 𝐴𝑅𝐸𝐴

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

https://link.springer.com/article/10.1140/epjc/s10052-023-11610-y
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Analyzed samples: 
• Reconstructed DATA à cosmic muons entering the TPC;
• Reconstructed MC à in time (with beam) single cosmic muons.

Preliminary study of light signal:
comparison MC vs. DATA
Samples and selections
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Eur. Phys. J. C 83:467 (2023)

à Selections:
• Tracks (ionizing particle within LArTPC):
⇢ passing through the cathode and fully detected in the TPC in order 
to measure the time of the ionizing particle crossing the cathode (ttrack)
⇢ longer than 50 cm. 

https://link.springer.com/article/10.1140/epjc/s10052-023-11610-y
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Analyzed samples: 
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Eur. Phys. J. C 83:467 (2023)

à Selections:
• Tracks (ionizing particle within LArTPC):
⇢ passing through the cathode and fully detected in the TPC in order 
to measure the time of the ionizing particle crossing the cathode (ttrack)
⇢ longer than 50 cm. 

• Flashes (time-coincident (within ~1µs) ph.e. signals across multiple 
PMTs aiming for the reconstruction of an interaction). 
The first fired PMT provides the flash time (tflash).
⇢ in coincidence with track:

Ø time difference: Dt = ttrack – tflash (≲ 4 µs)
Ø barycenter difference: Dz = ztrack – zflash (< 30 cm)

https://link.springer.com/article/10.1140/epjc/s10052-023-11610-y
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Preliminary study of light signal:
comparison MC vs. DATA
Comparison of light signal extension along the beam direction

0 50 100 150 200 250 300
z-width of light signal (cm)

0

0.02

0.04 DATA
MC

z-distribution of RMS spatial extension of the light flash (cm)

For each light flash, the position of its barycenter 
and its RMS spatial extension along the beam 
axis z are determined accounting for the number 
of collected ph.e. on each fired PMT.

z-axis

RMS
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Preliminary study of light signal:
comparison MC vs. DATA
Comparison of light signal extension along the beam direction

0 50 100 150 200 250 300
z-width of light signal (cm)

0

0.02

0.04 DATA
MC

z-distribution of RMS spatial extension of the light flash (cm)

For each light flash, the position of its barycenter 
and its RMS spatial extension along the beam 
axis z are determined accounting for the number 
of collected ph.e. on each fired PMT.

z-axis

RMS

Good agreement of MC prediction on the 
scintillation light extension with DATA.
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Preliminary study of light signal:
comparison MC vs. DATA
Rescaling of the MC light signal (ph.e.)

At moment, several factors are under study:
• quantum efficiency at LAr temperature
• effects of the refraction index of LAr 
• reconstruction artifacts 
• …

 ⇣
In the meanwhile, the MC signal is rescaled to the 
same average value as measured in DATA by fitting 
the ph.e. curve.
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Preliminary study of light signal:
comparison MC vs. DATA
Rescaling of the MC light signal (ph.e.)

⇣
This allows to open the possibility to study with 

rescaled MC the features of events associate 
with light to be later applied to event’s selection.

At moment, several factors are under study:
• quantum efficiency at LAr temperature
• effects of the refraction index of LAr 
• reconstruction artifacts 
• …

 ⇣
In the meanwhile, the MC signal is rescaled to the 
same average value as measured in DATA by fitting 
the ph.e. curve.



What’s next…
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o Deeper analysis on selected detector regions (i.e. center,
boundary, close to the fired PMTs, far from the to the 
fired PMTs, …)

Ø First check: focus on events far from detector 
boundary (i.e. trigger threshold, boundary 
acceptance, … ) to be independent to reconstruction.

o Deeper analysis selecting specific tracks inclination (i.e. 
vertical, horizontal, …) and length.

o Check and measure of the relevant parameters of 
scintillation light production and collection by PMTs in 
order to improve the MC simulation.

Center of the detector: 
far from the boundary!

Close to the fired PMTs

Example (sketch) of detector’s region selection



Summary

The preliminary study of LIGHT SIGNAL related to cosmics muon in the LArTPC is 
presented.

• The MC simulation of the light signal extension along the beam direction for cosmic 
muon is well describing the collected DATA.

• Relevant parameters in the optical simulation of the scintillation light, which affects 
the signal detected by PMTs are still under study. 

• A preliminary rescaling of light simulated by MC to the collected DATA is applied to 
study the features of events associate with light in order to develop event selection 
criteria and analysis.
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Thank you for your attention!
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Study of light signal (n.ph.e.)
Number of photoelectron: AREA of the light signal
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The number of ph.e. is determined independently 
for each PMT signal (both in DATA and MC):
• AREA of the signal:

1. Subtraction of the baseline;
2. Signals are discriminated against a fixed 

level;
⟹ AREA = ∑! 𝑉! & 𝑘0→#$%

where: 
• i = index of sampling of the digitizer;
• V = voltage read by the digitizer after the 

baseline subtraction.
• .
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The number of ph.e. is determined independently for each PMT signal 
(both in DATA and MC):
• AREA of the signal:

1. Subtraction of the baseline;
2. Signals are discriminated against a fixed level;
⟹ AREA = ∑! 𝑉! & 𝑘0→#$%

where: 
• i = index of sampling of the digitizer;
• V = voltage read by the digitizer after the baseline subtraction.

• CHARGE = AREA & FE 
• FE depends on the electronics characteristics: 

FE = &!"#→%'∆)
*

= +.-.. /0/#$% '.23
4+5
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&'(
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0/#$% '3
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where: R = 50 Ohm à standard impedance of our circuit.
• Photoelectron number (n.ph.e.) = CHARGE / e (=1.6·10¯¹⁹ C).

PMT signal as 
recorded by the 
light detection 

system electronics.
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Light signal study:
Muon trajectory inside the TPC 
à light detected by PMTs
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M
uon track



August 28th - September 1st, 2023 M. Cicerchia -- TAUP23 conference - Vienna

Light signal study:
Barycentre matching
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1. Reconstruction of TPC tracks and 
PMT flashes;

2. Compute the centroid of each 
reconstructed track (within each 
TPC);

3. Compute the centrois of each 
reconstructed flash (within each 
TPC) at any time;

4. Associate the two by proximity.



Baricenter along beam direction is the average of the fired PMT weigthed 
with the quantity of reconstructed ligth in each fired PMT:

 𝑧7895: =
∑* + ,*-./ 012 <:(*=*

∑ <:(*
 

where zi is the position of the fired PMT and wi is the weight meaning the 
quantity of reconstructed ligth in each PMT.

Baricenter width along beam direction is the position RMS of the fired 
PMTs, weigthed with the quantity of reconstructed light in each fired 
PMT:

 widtℎ7895: =
∑* + ,*-./ 012 <:(* =*>=!"#$%

&

∑ <:(*
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Study of light signal:
Baricenter and width along beam axis
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z-axis
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zflash = -234,6
width - zflash = 146,9

Example: run 9435, event 18513, flash_id 0


