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The 2x2 Demonstrator: A modularized LArTPC

Pixelated

Anode Tile ..
(70x70 pixels) .

1.40m

- 4 modules in total, 2 TPCs per module

« 0.6 m (W) x1.2 m (H) x0.3 m (drift) per TPC
+ 2x2 active mass~24t &
+ TPC gaps to the neighboring module 3to6cm
- The nominal electric field is 0.5 kV/cm

* The NuMI beam is parallel to the anode planes
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The 2x2 Demonstrator in the NuMI Beam
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2x2 to Explore Neutrino-Argon Interactions

2x2 covers a wide range of phase space
towards the higher end of the energy spectrum on DUNE
Will measure v-Ar interactions
Complementary to other experiments
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A Prototype for the DUNE Near Detector

Muon spectrometer
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ArgonCube 2x2 in the NuMI Beam )

~60 neutrino interactions per beam spill
~25% of them in the active volume
Optimized ArgonCube design
to deal with the pile-up

}Q.\
(i
N
‘\“‘\
- 35 modules
, >
Scalability

ArgonCube design
A modularized LArTPC
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ArgonCube Design on 2x2

Each module has two back-to-back TPCs Short drift length (30 cm, 0.5 kV/cm)
with a shared cathode in the middle. - Significantly reduced cathode voltage
and associated risks
Pixelated charge readout Sy + Relaxed requirement on electric field
(anode) uniformity and electron lifetime

ixelated » Diffusion becomes trivial (sub-mm)

Anode Tile ..

(70x70 pivels) .. [ L - =i 4 Modularized TPC
a0 « Scalable self-contained detector module
=~ »> = - » Isolate potential failures

" - Scintillation light tight

ArCLight Tile ...
Pixelated charge readout
E « True 3D position + charge mitigates
Light g ambiguities for reconstruction
detectors

- Low channel capacitance reduces noise
- PCB-based construction; mechanically
robust; scalable

............. e N i , High-performance light readout
"63 ; ; : .
Cathode 77 % ) « 30% surface coverage, high efficiency
Resistive Field Sheet - . O(5Cm) Spatia| resolution
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https://arxiv.org/abs/2007.03083
https://arxiv.org/abs/2403.03212

Pixelated Charge Readout: LArPix

Front

LArPix v2 Tile LArPix-v1

« 32 x 32 cm? LArPix tile
- 8 LArPix tiles per TPC

arXiv:2403.03212

« 4900 (6400) square pixels per tile

« 4.4 (3.8) mm pixel pitch
« ~300k channels in 2x2

- Each pixel can be independently

self-triggered

ArgonCube 2x2 in the NuMI Beam

Back JINST 13 (2018) P10007

* 10x10 grid of ASICs

« Continuous readout

« Hydra-1/0: dynamic routing, robust to
chip failure

* Robust to repeated cryogenic cycling
* Flexible tile config for scaling

- Commercial mass production
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https://iopscience.iop.org/article/10.1088/1748-0221/13/10/P10007
https://arxiv.org/abs/2403.03212
https://arxiv.org/abs/2007.03083

True projected 3D position in 2x2

LArPix Charge Readout Conventional wire readout

Raw cosmic data 555 g LDUNE:ProtoDUNE-SP Run 5770 Event 59001
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https://iopscience.iop.org/1748-0221/12/02/P02017/
https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12004

Light Detector: ArCLight and LCM

ArCLight LCM
Instruments 2018, 2(1), 3 arXiv:2403.03212
Good at position sensitivity Good at detection efficiency
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The light detector is perpendicular to the LArPix tiles
and right in front of the side wall of the field shell.
They laid out as 3 LCM, 1 ArCLight, 3 LCM and 1 ArCLight from top to bottom.
384 SiPM channels for 2x2.
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https://www.mdpi.com/2410-390X/2/1/3#cite
https://arxiv.org/abs/2007.03083
https://arxiv.org/abs/2403.03212

Light Detector Timing Resolution in 2x2
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https://arxiv.org/abs/2007.03083
https://arxiv.org/abs/2403.03212

Single 2x2 Modules

Module tests in Bern (proof of module integrity)
Module 0 Module1 Module2 Module 3

Detector components assembled as modules at the University of Bern
Tested and operated for cosmic data taking

Single 2x2 module cryostat View of the TPCs Bt il Module in operation
from the bottom

Assembled module
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2x2 in the MINOS Hall at Fermilab
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2x2 Simulation and Calibration
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 Detailed underground cavern and
2x2 + MINERVA detector geometry

edep-sim as the Geant4 wrapper
NuMI spill building
larnd-sim for charge and light

readout signals with high fidelity

ndlar flow for event building, signal

processing and calibration
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https://github.com/lbl-neutrino/edep-sim
https://github.com/DUNE/larnd-sim
https://github.com/DUNE/ndlar_flow
https://iopscience.iop.org/article/10.1088/1748-0221/18/04/P04034

2x2 Reconstruction

- Led by mature effort: MLreco and Pandora MLreco ey,
o fq

 Very preliminary performance by MLreco
Expect noticeable improvement after fixing

known issues

* The reconstructed output are propagated
to analysis files (CAF)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012005
https://arxiv.org/abs/2007.03083
https://arxiv.org/abs/2007.03083

Considerations of 2x2 Systematics
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https://iopscience.iop.org/article/10.1088/1748-0221/16/08/P08042

vy Charged Current Mesonless

Count / 0.02 Rad

 Rare opportunity to measure v,-Ar cross

sections (check out ArgoNeuT’s results)

tagging (angle constrained)

Signal Event Outgoing Muon Angle by Muon Track End Behavior

 Able to measure the outgoing muon angle well
+ Able to measure the proton systems in details
- Downstream MINERVA is helpful for muon

LAr Active Volume Originating
Downstream MINERvVA Throughgoing Track PDG

13 (12.1%)
-211 (0.5%)
-13 (85.2%)
211 (0.5%)
22 (1.6%)

Signal Event Primary Proton Multiplicity
by Neutrino Interaction Mechanism
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https://t962.fnal.gov/Publications.html

Mx2 for Muon Tagging

» Tracks that punch through downstream Mx2 are mostly muons

- Track matching between Mx2 and 2x2 o e
. I o ot

» Leverage mature MINERVA reconstruction; i ocap S Gisar
Compare track angles and distances i
- Developing combined reconstruction in MLreco : °
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Pion Production
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Probe Final-state Interaction Modeling

- Studies such as track multiplicity are sensitive to test final state
interaction modeling
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Kaons and Lambdas
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Physics Potentials of 2x2 in NuMI

- Opportunity to explore v-Ar interactions over a large phase space

Innovated modularized LArTPC detector design, greater measurement potential
- 2x2 NuMI data will be available imminently

Many interesting neutrino interaction related topics to be studied:

- vu/vy CC inclusive measurement

4 1 I I 1 I 1 1 1 I 1 1 1
I —— DUNEND V CCOm measurement
Y SV U DUNEND V Pion production measurement
3 — 22V Pion multiplicity
------ 2x2 V : :
i —— NOVA V Neutrall pion production
______ NOVA V - Track multiplicity

SBND V Kaon production

Lambda production
Neutron tagging
+ Ve CC measurements
NC1p measurement
- V-e scattering
* V& vy, V& Ve
g 10 - A-scaling study on 2x2
E, (GeV) - 2x2 and MINERVA

vu/cmz/GeV/year (x 10'%)
ot [\
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Photon Detection Efficiency and Position Sensitivity

3

.. A-r-G-LI-g-ht ................................. .

------------ -~ 0.19% in the Module 1 test 2/|ntheModuIe1test
g """"""""""""""""""" (TPC") """"""""""""""""""" """"""""" 2_ ........... ............... (I'PC-I) ............ ............ .....
= - - . S.en_s.l.t_l_v_e_._._.to___a_c_t.l_v.l_tl_es_____._____.______§ _____
. . . E Wlth |ower energ|es -

PDE [%]
N
o

PDE [%]

@S 2 8 9
cnxlooco_L

o e 9
W B~ O
|

.........................................................................................................................................

o ©
PG b

i i
10 11 12
ArCLight Tile No. LCM Tile No.

% ~UV (270nm) LED
a ;;; ‘“pOﬁltl0n7'503n

“ UV LED

y-position

Sensitive to
_ Charge-light

Intensity [P.E.]
Intensity [P.E.]

®

matching

Intensity [P.E.]
Intensity [P.E.]

Xx-position

- X S>
SiPM
ArgonCube 2x2 in the NuMI Beam 23 Yifan Chen — SLAC, Stanford University



Michel Electrons Iin 2x2 Modules

An example of Michel electron in Module 0O test Single waveform CH15 [Event#2461]
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