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What I’'m going to talk about

This talk:
the technology of liquid the physics capabilities and
argon neutrino detectors some of the challenges



Goals For This Lecture

e Show selected examples of physics potential of
Liquid Argon Time Projection Chambers (LArTPCs)

* Get everyone thinking about some of the issues
associated with analyzing data from a LArTPC.
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e Show selected examples of physics potential of
Liquid Argon Time Projection Chambers (LArTPCs)

* Get everyone thinking about some of the issues
associated with analyzing data from a LArTPC.

Please ask
questions
at anytime!




Extracting Physics

* The LArTPC is an imaging device that provides fine-grained
detail about interactions. Our analysis of this information
should aspire to take maximal advantage of this.

* Argon is a nuclear target, so this presents challenges, and
opportunities, when defining physics measurements to be
conducted.

e Several people here have asked me to talk about
reconstruction issues, so | will spend time on that.



The Challenge
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Translate recorded events into detailed information
about the interaction. Capture all we can see by eye.
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The Challenge

Low-energy deposits.
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The Challenge

Indication that
deconvolution of

(7))
() .
§ electronics response
- might need work
4y} i
() -
D - -
-" »
fj = : ::;j
- _"__
-c-"‘/ - — -C" '<:’-’
-‘ﬁ“tx
i ey
-I-.
Maybe some very
low-level coherent
noise on a certain set
- of channels
. |
o "... = u.ﬂ""h—;' -:‘ "
...'.. - -— - __,_h—-%—'-:r.— ==
\\. . ]
e, \_— Unintentional charge
e » = collection on

electronics board
outside the detector

Translate recorded events into detailed information
about the interaction. Capture all we can see by eye.
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TPC Signal Development

e |onization produced by charged-tracks creates a signal on TPC wires.
* The measured signal is the convolution of multiple physical processes.

e Try to model each process, in simulation and data-reconstruction.
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In An Ideal World...



In An Ideal World...

* Apply the inverse of this uber-function to measured
signal and recover the distribution of ionization in 3d
X-y-Z space, then proceed to apply reconstruction.

S(Wire, time) Signal measured on each wire as a function of time.

,O(X, YV, Z, t) Distribution of ionization in TPC as a function of time,space.

WELL, WHAT DO YOU SAY ?
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In An Ideal World...

* Apply the inverse of this uber-function to measured
signal and recover the distribution of ionization in 3d
X-y-Z space, then proceed to apply reconstruction.

* |n reality, we have no such transformation function, so
we must take a different approach.

S(Wire, time) Signal measured on each wire as a function of time.

,O(X, YV, Z, t) Distribution of ionization in TPC as a function of time,space.

WELL, WHAT DO YOU SAY ?
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The Reconstruction Challenge

Angled wireplane geometry is very tricky to decipher. Harad
enough to think in 3d, let alone Iin a tilted coordinate system
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The Reconstruction Challenge

Angled wireplane geometry is very tricky to decipher. Harad
enough to think in 3d, let alone in a tilted coordinate system




The Reconstruction Challenge

 We rely on common drift-time coordinate that all wireplanes share to
“match” objects between planes.

e |f a track is parallel to wireplanes (i.e. - all at one drift-time coordinate),
there is ambiguity about how it actually travelled in space.

e |f a track is steeply inclined to wireplanes (i.e. - all ionization ends up
on just a few wires), the pulse shapes become quite challenging to
decipher.
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Reconstruction Approach

e TPC reconstruction scheme builds up 3D objects from
underlying 1-D, 2-D objects.

e Light reconstruction finds signals on multiple PMTs that

are consistent in time and space.
3D Vertex
Tracking Finding
Wire Hit Hit
Calibration Finding Clustering
3D Shower
TPC Reco Finding

PMT Reco This is only a cartoon...real
reconstruction can make many

) Construct Match to paths through this maze.
Calibrated Obtical TPC
PMT Data prica

Flashes activity
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Raw Signal Manipulation

eBefore any reconstruction takes place, raw signals from each wire
can have electronics response deconvolved via a Fourier transtorm
G

eBipolar signal shapes on the induction plane can be converted to
unipolar during this FFT, facilitating Hit finding.

o-FT technique also allows filtering to remove high/low freq. noise.

Step Function Response Flat muon track response

10 12 14

time (Us) time (Us)
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Hit-Finding
* A Hit is defined as a wire signal going above threshold for
sufficient time.
* Hits are identified using a Gaussian fitting technique.

» Multi-Gaussian fit can be performed to identify closely
spaced Hits.




Clustering

» A Cluster is a grouping of associated Hits.
 Several algorithms exist for this.
» Old Example: Density-based clustering (called “DBscan”)

allows arbitrarily shaped Clusters to be identified.

*Define some notion of proximity and connectedness (adjustable parameters)
*Density-connected Hits are placed in a Cluster. “Noise” Hits are ignored.

72 Deconvolution +

Hit-Finding +

Density-Based
Clustering
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Tracking

3D reconstruction relies on the common coordinate (i.e. - drift
time) shared by all planes.

» Goal is generalized 3D tracking that allows reconstruction of
particles following arbitrary directions.

* Input can be Hits or Clusters, depending on algorithm.

0° wire coordinate (2.0 m) -60° wire coordinate (2.0 m) +60° wire coordinate (2.0 m)
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ICARUS Event and Reconstruction

Refs:
1.)ICARUS and Status of Liquid Argon Technology, A. Fava, La Thuile 2011 14



Particle Identification

» Particles in the detector have distinct energy-deposition profiles as they come to a stop.

* Alikelihood comparison is performed between the energy-deposition profile of a
reconstructed track and predictions from GEANT.

* Notice that this technique offers little power to distinguish muons from pions.
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Refs:
1.)A study of electron recombination using highly ionizing particles in the ArgoNeuT Liquid Argon TPC, R. Acciarri et al,
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Particle Identification

» Particles in the detector have distinct energy-deposition profiles as they come to a stop.

* Alikelihood comparison is performed between the energy-deposition profile of a
reconstructed track and predictions from GEANT.

* Notice that this technique offers little power to distinguish muons from pions.

GEANT4 MC predictions « proton NIST tables e —
— proton
; * data
— pion
— muon

15 20 25 30 10 20 30 40 50 60 70 80
residual range (cm) Track Length (cm)

Refs:
1.)A study of electron recombination using highly ionizing particles in the ArgoNeuT Liquid Argon TPC, R. Acciarri et al,
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Particle Identification

Particles a stop.
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Particle Identification

* Electron/Photon distinction provided by dE/dx difference at beginning of shower, plus
topological clues like gaps between primary vertex and shower start.

* Very important capability for electron-neutrino appearance analyses.
EM Showers

“pair producing gamma

electron vs gamma MC
ArgoNeuT|Prelimipa

Single Particle el vs y MG
— electrons

—— gammas

Reconstructed

Average dE/dx

Refs:
1.)A. Szelc, Neutrino 2014 10



Particle Identification

* Electron/Photon distinction provided by dE/dx difference at beginning of shower, plus
topological clues like gaps between primary vertex and shower start.

* Very important capability for electron-neutrino appearance analyses.
EM Showers

— glectrons
— gammas
—— S IeCO

—— elecs re;{‘x?:l

“pair producing gamma

electron vs gamma MC
ArgoNeuT|Prelimipa

Single Particle el vs y MG

— electrons

normalized)

—— gammas

Topology cut

Reconstructed not folded in.

average dE/dx

Average dE/dx

Refs:
1.)A. Szelc, Neutrino 2014 10



Particle Identification

e Some examples.

v_CC candidate event
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Calibration

e Test-beam exposure, LArIAT, will give us an invaluable data sample to measure dE/dx profiles for stopping
particles of known identity.

e Can also study dependance of recombination on electric-field.

e Beam polarity is tunable, so can study possibility of muon sign-selection in non-magnetized detector (using 100%
mu+ decay, and ~75%/25% mu- capture/decay).
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Laser Calibration

e Laser systems allows for in-situ mapping of E-field.

e Can precisely control where laser is pointing, so know exactly what reconstructed track
should look like. Removes issues of multiple-scattering and delta-rays that muons have.
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Refs:
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http://www.fnal.gov/pub/today/archive/archive_2014/today14-10-23.html

Examples

- On the following slides | show examples of using the tools we currently have
to do several measurements with ArgoNeuT data.

* As a reminder, ArgoNeuT has no light-collection system or laser calibration,
but it does have MINOS as a muon spectrometer, which is a huge advantage.

ArgoNeuT

—

ArgoNeuT reconstruction MINOS reconstruction
[hits, clusters, (merged-)lines, 3D space-points, 3D tracks]
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Examples




Electron Lifetime from Muons

* An example of the full reconstruction chain being used in an
automated analysis is the measurement of argon purity using

through-going muons.
* Due to non-infinite electron lifetime, tracks crossing further from

the wireplanes will appear to have diminished signals.
» A fit is done to charge deposition vs. drift distance to extract the

electron lifetime.

Signal Height vs. Drift Time on Collection Plane (120 wire span required)
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Refs:
1.)The ArgoNeuT Detectorin the NuMI Low-Energy Beam Line at Fermilab, C. Anderson et al, JINST 7 P10019 (2012)
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Electron Lifetime from Muons
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Electron Lifetime from Muons

* An example of the full reconstruction chain being used in an
automated analysis is the measurement of argon purity using

through-going muons.
* Due to non-infinite electron lifetime, tracks crossing further from

the wireplanes will appear to have diminished signals.
» A fit is done to charge deposition vs. drift distance to extract the

electron lifetime.
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CC-Inclusive

 |dentify charged-current muon events in both neutrino and antineutrino mode.

e Selection simply requires a well reconstructed muon track originating in the TPC, matched to MINOS. No
other restriction on activity in the event (i.e. - could be QE, Res, DIS, etc...).

e Fully automated analysis.

x vix mu-: data with GENIE expectations y vtx mu-: data with GENIE expectations z vtx mu-: data with GENIE expectations

—4— Data (w/ stat.erl —4— Data (w/ stat.err)
CcC i

DIS
QE QE
. with NC/WS ' with NC/WS

— Data (w/ stat.er . =+ Data (w/ stat.er!
cC CcC

DIS DIS
QE QE
with NC/WS with NC/WS

10
NTracks
Refs: NTracks

1.)Measurements of Inclusive Muon Neutrino and Antineutrino Charged Current Differential Cross Sections on Argon in the NuMI Antineutrino Beam, R. Acciarri et al, PRD 89, 112003 (2014)
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e Differential cross-sections in terms of muon angle and momentum.
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ArgoNeuT , PRD 89, 112003 (2014)
ArgoNeuT, PRL 108, 161802 (2012)
ANL, PRD 19, 2521 (1979)

BEBC, ZP C2, 187 (1979)

BNL, PRD 25, 617 (1982)
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CDHS, ZP C35, 443 (1987)
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CC-Coherent

e [wo-track event selection.

* muon matched to MINOS

* pion candidate track likely not
contained, so:

> must have <dE/dx> consistent with MIP

> if contained, use calorimetry-based PID

* no activity around vertex ==l e s

e Fully automated analysis.

e ———
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CC-Coherent

e | ow statistics in ArgoNeuT, and small detector size removes ability to contain
pion and cut on It

e MicroBooNE will solve both of those issues, in addition to being in a lower-
energy beam where this process has been the source of experimental intrigue.

Vi
—+ Data

B Signal

Vu

—+ Data

B Signal

Event Counts

| |Background | |Background

1) —rr——pe |
-0.5 0 0.5 1 - . 0.5 1

BDT Classification BDT Classification

26



CC-Coherent

e Cross-sections measured for ArgoNeuT’s neutrino/antineutrino sample.

e Use of BDT and similar machine-learning algorithms offer powerful
discrimination tools.
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CC 0-pion

e Study charged-current events with no final-state pions, and any number of
protons.

e Muons are matched to MINOS, and protons are contained and identified
based on calorimetry.

e Proton kinetic energy threshold is 21 MeV.
e Hand-scanning is used in reconstruction of very low-energy protons.

1+0p p+1p H+2p
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CC 0-pion

e Distribution of N-protons in these events compared to model.

ArgoNeuT v-mode v-flux, Ox-CC, Preliminary
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rediction:

I QE

B Delta

~ highRES PRE

2| MgV proton threshold

~~
C
@
Q@
o
>
C
~
Al
&
o
0]
X
o
—
~—"

CC On

Number of outgoing protons

29



Surprises?

e Looking in two-proton subsample, find events with protons in back-to-back
configuration that is a signature of correlated nucleons.

e Statistics are low, but results are suggestive that SRC are active. MicroBooNE
can look for this, and will have an even lower proton threshold.
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FIG. 2. Cosine of the angle v between the two protons (Lab
frame) vs. the momentum of the least energetic proton in the
pair for the 30 events in the (= + 2p) sample. In the inset is
the distribution of cos(7).

Refs:
1.)The detection of back-to-back proton pairs in Charged-Current neutrino interactions with the ArgoNeuT Detector in the NuMI low energy beam line, R. Acciarri et al, PRD 90 012008 (2014)
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Hyperon Production

e Spatial resolution allows displaced vertices to easily be identified.
e Look for displaced vertex consistent with neutral Lambda decay.

e ArgoNeuT has a small sample of candidates that are being analyzed.
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Apologies for skipping...

e |ight-collection system reconstruction and matching
to TPC information.

* Neutral-current analysis and pi0 mass reconstruciton.

e |ots of other great topics pursued by MicroBooNE/
LArIAT/LAr1-ND/LBNF/ICARUS/etc...
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Conclusions

e | ArTPCs offer detailed view into neutrino interactions.

* Reconstructing interactions presents interesting
challenges. Very active software development effort
ongoing to catch up to the pace of hardware
development.

* Numerous physics results have already emerged (e.g. -
ArgoNeuT, ICARUS), and with MicroBooNE/LArIAT
poised to take data you should expect many more.
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THANK YOU FOR YOUR ATTENTION!
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Tracking

Charged-Current
Quasi-Elastic
(CCQE) Candidate

Yy 1L

100 120 140
Collection Plane Wire

100 120 140
Induction Plane Wire
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Particle Identification

* Neutral pions can be identified through both calorimetry and
topology.

 Two showers, with photon-like dE/dx, pointing to a common vertex.
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