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Short-Baseline Neutrino Program at Fermilab

ICARUS (TAKING DATA) - far detector SBND (Under construction) = near detector
600m baseline . 110m baseline
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2 modules, 4 LAFTPC: 470t active volume 2 LArTPC: 112t active volume . .

W : 3 . = T
— - ~ ns ;
— NuMLBEE e
"N\A-“‘l“‘f - : SBN Near Detector S 7.
MinO%ﬁONF] u® £ ‘ EEl ~y
— , = ~ :
T auns® ey Booster NeutrinoBeam - o iy n i Sasassnany o

~ aEEEEEEEN
] frEEEREOE B R S
- -4’.‘“@.-. EEEEEERy

< " Booster Neutrino Beam (BNB)

» LAr-TPC located on-axis of the Booster Neutrino Beam (BNB)

> Searching for sterile-v oscillations both in appearance (v.) and disappearance (v,) channels to confirm/rule out
previous anomalies from past experiments;

> High-statistics v-Argon cross-section measurements and event identification/reconstruction studies:
» ~10° events/y in SBND < 1 GeV from BNB;
» ~10° 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)



https://doi.org/10.1016/j.physrep.2021.06.002
https://www.annualreviews.org/doi/abs/10.1146/annurev-nucl-101917-020949

See D. Mendez talk
ICARUS detectors system for more detalls

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 v-physics (proposed

by C. Rubbiain 1977) ‘ Cathode o a
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ICARUS T600 = two identical cryostats

» two LArTPC per cryostat with a common
cathode (E4 = 500 V/cm);

» 3 “non-destructive” readout wire planes with
different orientation (0°, £60°) continuosly
read the ionization electrons (ty;x ~ 1ms,

Varife~1.6 mm/ms);
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Cathode Field cage PMTs Drift coordinate

Top CRT horizontal plane

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

Top CRT
vertical rims
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Top CRT
vertical rims

» Cosmic Ray Taggers surrond the cryostats, tagging incoming

cosmics with ~95% efficiency. [6nE | —>
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Eur. Phys. J. C 83:467 (2023)
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https://link.springer.com/article/10.1140/epjc/s10052-023-11610-y

Scintillation light detection system

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 e
after the LAr filling in 2020. ! "
3
Eur. Phys. J. C 83:467 (2023) 8” Hamamatsu The new ICARUS PMTs mounted behind the
R5912-MOD wires of one TPC.
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rigger system and PMT data acquisition

ICARUS main trigger signal is generated by the presence of light signals from PMTs in coincidence with BNB (1.6 us) and
NuMI (9.6 ps) beam spills defined using the Early Warning signals of proton beam extractions:

> Beam events are collected requiring at least 5 fired PMT pairs (Mj = 5) inside \3°PMTS \\ O [/ 30 P /
one of 6 m longitudinal slices equipped with 30+30 opposite PMTs; y b; e

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

30 PMTs ﬂ 30 PMTs \ 30'PMTs
L 11 b\\

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

v arrival time——22——————v arrival time——— LT |« Trigger rate ~0.7 Hz (0.3, 0.15 and 0.25 Hz for BNB, NuMI and
§ \ H el ;? | \ Mwm f off beam respectively) setting the PMT’s threshold at 13 ph.e.
; H H ﬂ | | * E | By H i + LH | - Trigger efficiency is now under investigation on data (>90%
ﬁ% e Wu},%ﬂw‘_mﬂ*% % +'__;;;,;; by ﬁH above Eg, ~ 100 MeV)
a o | : . gi?:\g te: 9.6 us |
- .Pr.-’I.T ‘fléslw start time [us] | | | PMT flash start‘tlme tus] |
Eur. Phys. J. C 83:467 (2023)
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Study of light signal from cosmic muon

Monte Carlo simulation

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

1. generated from energy deposition and particle type;

2. propagated through LAr - 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;

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

Single photoelectron charge distribution

SER fit:
4000 4L, p: 0.38 + 2e-02
q: 0.497 + 2e-03
3500 ~ ~ 0:0.195 + 3e-03
A: 5332 + 187
3000 -
1 PMTID 93
£ 2500 -
(0]
>
v 2000 -
H#
1500 -
1000 -
500 -
0 T T T T
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Pulse charge [107 electrons]

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

Eur. Phys. J. C 83:467 (2023)
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Study of light signal from cosmic muon
Number of photoelectron

15000 e, The number of photoelectron (n. ph.e.) is determined
*% 14900 [ [ | independently for each PMT signal (both in DATA and MC):
§ 14800 * AREA of the signal:
Q 1. Subtraction of the baseline;
?8’ 14700 2. Signals are discriminated against a fixed level;
% 14600 = AREA =), V; 4pc (in ADC counts)
£
< 14500 * CHARGE = F; - AREA
0 2 4T. ( )6 8 10 —> Fe depends on the electronics characteristics, and
ime (us s .
PMT signal as recorded by the light allows to convert the stored AREA (ADC unit) in charge:
detection system electronics. F, = Xapcoy-At _ 0122mV/ADC -2ns
R 500
Eur. Phys. J. C 83:467 (2023)
CHARGE 1 1

n.ph.e.= - Fp+AREA

e (=16 -10-19C) GAIN e GAIN
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Preliminary study of light signal:

comparison MC vs. DATA
Samples and selections

Analyzed samples:
* Reconstructed DATA - cosmic muons entering the TPC;
* Reconstructed MC = in time (with beam) single cosmic muons.
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Preliminary study of light signal:

comparison MC vs. DATA
Samples and selections

Analyzed samples:
* Reconstructed DATA - cosmic muons entering the TPC;
* Reconstructed MC - in time (with beam) single cosmic muons.

—> Selections:

* Tracks (ionizing particle within LArTPC): _ " _
-> passing through the cathode and fully detected in the TPC in order ] § §_zoxs

to measure the time of the ionizing particle crossing the cathode (ti ac«) Eur. Phys. J. C 83:467 (2023)
-> longer than 50 cm.
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Preliminary study of light signal:

comparison MC vs. DATA
Samples and selections

Analyzed samples:
* Reconstructed DATA - cosmic muons entering the TPC;
* Reconstructed MC - in time (with beam) single cosmic muons.

—> Selections:

* Tracks (ionizing particle within LArTPC):

-> passing through the cathode and fully detected in the TPC in order % f L.z 0"‘5_’
to measure the time of the ionizing particle crossing the cathode (ti ack) Eur. Phys. J. C 83:467 (2023)
-> longer than 50 cm.
* Flashes (time-coincident (within ~1us) ph.e. signals across multiple g 24000e”
PMTs aiming for the reconstruction of an interaction). Ezoooog— Cosmic muons Eniies 202361
The first fired PMT provides the flash time (tq,qp)- faooE. M sL1e
-> in coincidence with track: }‘z‘gﬁg:
» time difference: At = tyac — thash (S 4 us) 13(;33:
» barycenter difference: Az = Z;,ck — Zfiash (< 30 cm) §§§§: J
August 28th - September 1st, 2023 M. Cicerchia -- TAUP23 conference - Vienna R o . Zt;acllt(éi)zlﬂasl;
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Preliminary study of light signal:
comparison MC vs. DATA

Comparison of light signal extension along the beam direction

A 6
~ RMS
0.04— —DATA —Oc—
—MC o
: >
Z-aXIS

0.02- 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.

— T R R
% 50 100 150 200 250 300
z-distribution of RMS spatial extension of the light flash (cm)
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Preliminary study of light signal:

comparison MC vs. DATA

Comparison of light signal extension along the beam direction

0.04- — DATA
—MC

0.02-

— T R R
% 50 100 150 200 250 300
z-distribution of RMS spatial extension of the light flash (cm)
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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.

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:
* guantum efficiency at LAr temperature
» effects of the refraction index of LAr
* reconstruction artifacts

'
'
v

In the meanwhile, the MC signal is rescaled to the
same average value as measured in DATA by fitting

the ph.e. curve.

August 28th - September 1st, 2023

0.006—

— DATA

— rescaled MC
0.004—
0.002+—

I I
0 20000 40000 60000 80000
light signal (n. of ph.e.)
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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:
* guantum efficiency at LAr temperature
» effects of the refraction index of LAr 0.006~ — DATA
* reconstruction artifacts
. — rescaled MC
i 0.004 (-
In the meanwhile, the MC signal is rescaled to the
same average value as measured in DATA by fitting
the ph.e. curve. 0.002 -
This allows to open the possibility to study with 0 | |
rescaled MC the features of events associate 0 20000 40000 60000 80000

with light to be later applied to event’s selection. |ig ht sig nal (n_ of ph_e.)
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What’s next...

Deeper analysis on selected detector regions (i.e. center,
boundary, close to the fired PMTs, far from the to the
fired PMTs, ...)

> First check: focus on events far from detector
boundary (i.e. trigger threshold, boundary

acceptance, ... ) to be independent to reconstruction.

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

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

Example (sketch) of detector’s region selection

Center of the detector:
far from the boundary!

0 100 150 (AP 300 350

Close to the fired PMTs

0 100 15pie%(cArp 300 350
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Ssummary

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.



Thank you for your attention!
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Study of light signal (n.ph.e.)
Number of photoelectron: AREA of the light signal

14000} - - T — The number of ph.e. is determined independently
usoo} / ' | for each PMT signal (both in DATA and MC):
4400} - Use the fist Sk samples ‘ « AREA of the signal:

514;00:— (10 ps) as noise reference Look at the signal 4

1. Subtraction of the baseline;

14000 } region to see how the ; ) o . .
i baseline removal ‘ 2. Signals are discriminated against a fixed
| pedestal works on large pulses . : P
13600 b = mean (first Sk samples) | Zooming on the signal region it appear IeVEI;
| -y evident how this algorithm smoothen out
B o0 000 000 0000 000 =300 some tail removing part of the charge — AREA = Zi Vi - kV—>ADC
Time (ns] contained in it
where:
. - _ If we integrate the charge between 10 ps o i—i : foiti .
seof 10 24 s we find the following: i = index of sampling of thg (.1|g|t|zer,
14875 . - Total charge integral > 5 ADC ( using * V =voltage read by the digitizer after the
14850} | mean subtraction ) : 94764 baseline subtraction.
SRR SN
§:4wo§- adamat e cdl
unsi- Ratio is 89 %
14750+ pedestal !
; w— mean {first Sk samples) :
14725¢ ——
11000 11;00 12600 l2§00 l]flOO 13500 14600 14500 1530.0

Tine [ns)
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Study of light signal (n.ph.e.)

Number of photoelectron

The number of ph.e. is determined independently for each PMT signal

15000 .
7 i [V" U ' (both in DATA and MC):
S 14900
3 * AREA of the signal:
ig(’ 14800 PMT signal as 1. Subtraction of the baseline;
g 14700 rﬁczg{ei b);_the 2. Signals are discriminated against a fixed level;
2 'gnt getection = AREA=Y.V; - k
= 14600 system electronics. 2 Vi ky-apc
< 14500 where:

0 2 4 6 8 10 * i=index of sampling of the digitizer;
Time (us) * V =voltage read by the digitizer after the baseline subtraction.
e CHARGE = AREA - F,
n.ph.e. * Frdepends on the electronics characteristics:
__ CHARGE 1 F. = kapcov-at _ 0.122 mV/ADC -2ns _ 0.122 -2- 10~ '? lV/ADC -s]
— o E — — -
e GAIN R 500 50 Q

-1 GA% -FE - AREA where: R = 50 Ohm -2 standard impedance of our circuit.

e
_0.122-2-10712 1 1 AREA * Photoelectron number (n.ph.e.) = CHARGE / e (=1.6:107"° C).
B ) 50 1.6:10-19 GAIN

V/ADEC s
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Light signal study:
Muon trajectory inside the TPC
- light detected by PMTs

August 28th - September 1st, 2023
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Light sighal study:

Barycentre matching

August 28th - September 1st, 2023

ionization
track

- scintillation

charge
’ centroid

light

centroid

match by
position

M. Cicerchia -- TAUP23 conference - Vienna

Reconstruction of TPC tracks and
PMT flashes;

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

Compute the centrois of each
reconstructed flash (within each

TPC) at any time;

Associate the two by proximity.
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Study of light signal:

Baricenter and width along beam axis

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

Yi=fired

PMT l)’lf?i;Zi

Zflash = S phe;
where z; is the position of the fired PMT and w; 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:

2
i = fired PMT phei(zi=z,,)

Widthflash — \[Z

August 28th - September 1st, 2023

Y. bhe;

M. Cicerchia -- TAUP23 conference -
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th=z5a) = 146,9

800
400 600

2 (peam &)

Example: run 9435, event 18513, flash_id O
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