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Introduction EROOKHAIEN

Goal of LArTPC calibration: measure charge and position
associated with ionization signal in unbiased manner and
as precisely as possible

* Noise, detector effects lead to bias, resolution loss

* With calibrations in place, can then look at higher-level candles
to study particle reconstruction (e.g. cosmic muons, Michel
electrons, photons from 7t° decays)

Crucial for LArTPC experiments to reach physics goals!

In what follows, will describe relevant detector effects and
calibration techniques using MicroBooNE as an example

* Operational single-phase LArTPC: plenty of data to begin
looking at these effects

* Also reference test stand measurements where relevant



Case Study:

“Micro Booster Neutrino
Experiment”

Accelerator v experiment @ FNAL
LArTPC with 89 ton active mass
Non-evacuated liquid argon fill
Cold (in LAr) front-end electronics

Near-surface operation

UV laser calibration system
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¢ Physms goals:

Investigate MiniBooNE low-
energy excess

* Measure first low-energy v-Ar
Cross sections

 R&D for future detectors

* Key step for Short Baseline
Neutrino (SBN) program

Beam pBooNE TPC

Dimensions

\\\\\\\\
yyyyyyyyyyyyyyyyy



MicroBooNE TPC g

¢ Two induction planes (U, V) and one collection plane (Y); drifted
ionization in LAr puts signal on all three

* Drift E field at 273 V/cm, ~uniform via surrounding field cage
* 8000+ channels in total with front-end electronics in LAr

¢ 3D event reconstruction by combining signals from all three planes
(minimum two needed), each with 3 mm wire pitch

* Millimeter-scale spatial resolution Y (Up)
Z (Beam)
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NIM 120 (1974), no. 2, 221-236

R
Egrify ~ S00V/cm




Signal Formation oy

Cartoon Credit: Anode wire planes:
C. Adams U v Y
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Signal Formation oy

Cartoon Credit: Anode wire planes:
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Cartoon Credit: Anode wire planes:
C. Adams Uu v Y
Liquid Argon TPC
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Cartoon Credit: Anode wire planes:
C. Adams Uu v Y
Liquid Argon TPC
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Signal Formation oy

Cartoon Credit: Anode wire planes:
C. Adams Uu v Yy
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Signal Formation oy

Cartoon Credit: Anode wire planes:
C. Adams U v Y
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Signal Formation oy

Cartoon Credit: Anode wire planes:
C. Adams Uu v Yy
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Signal Formation oy

Cartoon Credit: Anode wire planes:
C. Adams Uu v Yy
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Signal Formation oy

Cartoon Credit: Anode wire planes:
C. Adams Uu v Yy
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Signal Formation oy

Cartoon Credit: Anode wire planes:
C. Adams Uu v Yy
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Signal Formation oy

Cartoon Credit: Anode wire planes:
C. Adams Uu v Yy
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Cartoon Credit: Anode wire planes:
C. Adams u vy

Cathode
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Raw Waveform Output  fme

Image Credit: C. Adams
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Increasing Wire

Image Credit: C. Adams
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LATrTPC Imaging bt

Image Credit: C. Adams

ArgoNeuT




Different Plane Views ORI

“Collection” Plane (Y) “Induction” Plane (U, V)

ArgoNeuT ArgoNeuT

Wire #

Collection Wire Response:
Unipolar Signal

Induction Wire Response:
Bipolar Signal

In order efficiently find ionization signal and
correctly determine charge, must first remove

-30-20-10 0 10 detector response — deconvolution
Time (us)




“Collection” Plane (Y) “Induction” Plane (U, V)

Raw Waveform (M) Example: Induction Plane Waveform

0 200 400 600 1000 1200 1400 1600 1800 2000

Deconvoluted Waveform (S) Detector Response (R) Removed — Now Find “Hits”

— Reconstruct Tracks/Showers — ...
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Filter (F): Prevents Blow-up of Noise During Deconvolution




Calibration Scheme SROOKHAEA

¢ Must understand detector effects to develop LArTPC technology
* Essential for SBN and DUNE

* Noise removal, space charge effects (SCE), wire response, energy scale,
diffusion, e- lifetime, etc.

lonization Cha e benicle Electron
T~ — transportation
lonization Excitation—
and diffusion
Space P < Bonning (—L\ Decay Important to
Charge g lonization understand
RsoRanGo detector eff.ects ::.md
Absorpiion develop calibration
7 Dissociation
Recombination — , — scheme for
. R:LAr unbiased, precise
t . L3 L3
_ (_, (Long) determination of
" Need <30 ppt H,0 for - . - 3 3
Puri 7 remam ! Ab“m X:H 2O, O2 ionization charge.
urity Crarge signal] | Selaon | Peming
E—oo E—0
42,000 e/MeV 51,300 ph/MeV

8980 e/mm for MIP 10,900 ph/mm for MIP
(40,000 for Nal(Tl)) 22
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¢ Significantly more noise “out of the box” on induction planes (top row)

¢ All planes look very clean after software noise filtering (bottom row)
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Wire Noise Level in MicroBooNE
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¢ After software noise filtering on MicroBooNE data, see noise levels
expected from bench measurements of cold front-end electronics

Scales linearly with wire length (capacitance)

Thanks to cold front-end electronics and noise-filtering techniques,
low ENC achievable in 100-ton-scale LArTPC: ENC < 400 e’

24



NATIONAL LABORATORY

50.15 | e a1
S 7 @ — Photocathode .
S 0% < LAr Field
et L -r \ :
2 i = Calibration
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Must remove correct field response of wires in deconvolution to
enable unbiased charge estimation

Simulated field response (Garfield) needs verification with data
Measurement with MIPs in situ folds in track extent across wire pitch

BNL test stand aiming to make measurement with point-like source
from laser pulsed on photocathode — “LArFCS” .



Dynamic Induced Charge

S 1 MicroBooNE Preliminary
CCOI} After noise removal After 1-D deconvolution After 2-D deconvolution
Induction -
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¢ Nominally assume ionization leads to signal on only one wire

¢ In reality, nearby wires also see some signal

* Characteristics of this induced signal dynamically dependent on track
angle — “Dynamic Induced Charge” or DIC

* Effect leads to cancellation of signals on waveform for tracks at high
angles — hits lost — problems in track/shower reconstruction

¢ Solution is to account for DIC when removing detector response in
deconvolution to extract charge — improves imaging 26



First
Induction
Plane

time (88 cm)

After noise removal

MicroBooNE Preliminary

After 1-D deconvolution

After 2-D deconvolution

wire (33 cm)

/

wire
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¢ Effect can be studied in depth at LArFCS with point-like source

¢ Smaller effect for larger wire spacing (e.g. 5 mm for DUNE)

27



Space Charge Effects g

¢ Looking at cosmic data, noticed offsets in track start/end points from
top/bottom of TPC

* Very suggestive of space charge effects (SCE) at MicroBooNE, a near-surface
experiment (20-30 cosmics per 4.8 ms readout window)

* Space charge: build-up of slow-moving Ar* ions due to e.g. cosmic muons
impinging active volume of TPC (via ionization)

* Leads to E field distortions, spatial distortions in ionization position

Simulated B,/ B, [%]: Z=500m A /E [%]
y (0]

| I E 1__ - I1n
| ” T
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ok '8 | Electron 2 ] - Electron oA

o g Drlft -
-500 ¢ - O . > |
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Data MicroBooNE Preliminary

v Ionlzatlon % §

-] Electron _5 .

5 | rlft ®1 ]
7 - Q0

—1 00} e

sl Data/MC Comparison =

cova v b by v g 1y T
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¢ SCE simulation qualitatively reproduces effect

90 —|—

* Assumes linear space charge profile

* Agreement in normalization, basic shape
features, but offset near anode in data...
consistent with impact from liquid argon flow

p [nC/m?]

* Can impact track/shower reconstruction and
calorimetry — calibrate out in 3D using UV
laser system, cosmic muon tracks

0 > x

anode xcathode
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[on Recombination

Image Credit:

D. Caratelli

Argon is ionized
W, = 23.6 eV

JINST Vol.8 P08005 electrons

Ion Recombination Impurities absorb drifting
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S. Kubota et al., Phys. Rev. B, 20, 8 (1979)

¢ Charge quenching from prompt
recombination of ionization electrons
with argon ions leads to charge loss

« Sizable: ~50% Q loss (@ 273 V/cm)
¢ Correction depends on E field, dE/dx

* Tracks (muon, proton, etc.): simple

* Electromagnetic showers: apply to
individual charge depositions based
on dE/dx — more complicated



Electron Lifetime BROOKHAIEN

Image Credit:
D. Caratelli

Argon is ionized Ion Recombination Impurities absorb drifting
W, = 23.6 eV JINST Vol.8 P08005 electrons
MicroBooNE e saneee | ¢ Electron lifetime, as measured by purity

5 : . monitors, consistently above 6 ms for
° . majority of run thus far — design: 3 ms

o7 T * 6 ms: conservative lower bound

0.6 T

055 ¢ Important conclusion: can operate

04E. 3™ LArTPCs in non-evacuated cryostats

TTT

0.3 L] L] . .
02k 3 with high electron lifetime
0.1F . . .
of L. . L et itei.ls ¢ Calibrate out via measurement of charge
12 14 16 18 20 22 24 26 . .
Days from Start ofFiraton from TPC tracks vs. drift distance
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Diffusion g

[ e See Y. Li et al. NIMA 816 160 (2016)
;I—EJ' (: > | -togoa ,f"'!
Au Photocathode H-:l — — Trans. Cal. Y /|
é o W 9 : lﬁ::::‘lgata 4
* o ?1 04 - E:Zrneterizaﬁun //
2 ¢ J b B S rd
) * — | /‘f.-”
¥ L f{_l.. 47 BNL
3 E, ii“ ,ﬁ ‘l’ﬂX Test
Ground —v% ------------------------- Grid mesh -'g g Stand
+300V —» Ancde m 1 0_2 E:"E# I
|_.|V- Scope ] L | L
I~ 10" 1 0
E (chm1)
¢ Diffusion can reduce the spatial resolution of y
) : : : 2. t
reconstructed particle trajectories, especially for o, = L y
longer drift times — must measure, simulate E: electric ﬁdd
¢ Important for e.g. supernova neutrinos vs. d‘;;ft distance
t: t time

alpha/beta decays (track-like vs. point-like)

o: width of electron cloud

¢ Measure longitudinal diffusion at BNL test stand  : electron energy 30



Diffusion
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be = 0.0075 See Y. Li et al. NIMA 816 160 (2016)
2
e — o tbiE+bE r by = T42.9 =~ P e e s
1+ (b1/bo)E + bsE? \ T} bz = 3269.6 Q |- Long. Cal. Y
= 31678.2 0 L icARUS f,-" 4
a_l 0_1 | glé_lgs. Dat:a | /
Drift Length o, o, I
-
e
o . el
) l_._,
Vet tzmm izmm 5 T
Drift 1.8 mm 2.5 mm 5 . i* Stand
ri LCPPNEI S '
20.0 m 4.2mm 5.7 mm . 1 -
10 1 0
E (chmB
¢ Diffusion can reduce the spatial resolution of
. . . . 2 EUT d t
reconstructed particle trajectories, especially for O = >
longer drift times — must measure, simulate E: electric ﬁdd
¢ Important for e.g. supernova neutrinos vs. d:;"‘fft distance
t: { time

alpha/beta decays (track-like vs. point-like)
¢ Measure longitudinal diffusion at BNL test stand

o: width of electron cloud

33
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¢ Tag Michel electrons from cosmic muon decay using “kink”
topology and muon Bragg peak
* Uses automated reconstruction

* Important calibration sample
for energy scale, tuning e, y
reconstruction (charge clustering)

Reconstructed Michel Energy Spectrum

0.05 Monte Carlo Reconstructed Energy Spectrum
$ Reconstructed Energy Spectrum from Data
MicroBooNE PRELIMINARY 208
HBooNE |  “uBooNE
0.04 * . 296 e e 244 T
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E } [ i 294 . 242
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g g
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5 0.03 + * 288 = w
‘é 234
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g + cormas aazaj s sus aee? st sca 22 e
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11111111
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¢ Tag Michel electrons from cosmic muon decay using “kink”

topology and muon Bragg peak

* Uses automated reconstruction

* Important calibration sample
for energy scale, tuning e, y

reconstruction (charge clustering)

0.05

0.04

0.03

0.02

Fraction of Reconstructed Events

0.01

0.00

Reconstructed Michel Energy Spectrum

i

Monte Carlo Reconstructed Energy Spectrum
$ Reconstructed Energy Spectrum from Data

t

{*F Shape Normalized,
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¢ Tag Michel electrons from cosmic muon decay using “kink”
topology and muon Bragg peak

* Uses automated reconstruction

* Important calibration sample
for energy scale

Can also use JT° mass
peak to study electromagnetic
shower reconstruction at
higher energies — upcoming
MicroBooNE result
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0.00 .C"'-'.t..-. I E_
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36



NATIONAL LABORATORY

LArTPC calibration essential for unbiased, precise
determination of ionization charge

This requires first removing noise to find signals

Then account for detector effects, including wire
response, to obtain charge information correctly

Finally use high-level candles (e.g. Michel electrons) to
tune particle trajectory/energy reconstruction

Extensive process, but necessary before producing robust
physics measurements

37
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Backup
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Why Liquid Argon?
e Ne Ar KI A€

Boiling Point [K] @ 1atm 27.1 87.3
0.125 1.2 1.4 2.4 3
755.2 24 14 49 2.8

dE/dx [MeV/cm] 0.24 1.4 2.1 3 3.8 19

Scintillation [y/MeV] | 19 000 30,000 40,000 25,000 42,000
80 78 128 150 175
Approx. Cost [$/kg] 52 330 5 330 1200

Density [g/cm?3]

Radiation Length [cm]

Scintillation A [nm]

¢ Argon is cheap: ~1% of atmosphere

¢ Dense target (more v-N interactions per unit time)

¢ High scintillation light yield, argon transparent to own light

¢ Relatively small radiation length for EM shower containment
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) , DAQ in Detector Hall
Single Vessel Cryostat with 8-10% Ullage — -
; Readout Board
g Foam Insulation . Digitizing Section | Data Handling Section
: On Board Memory
|
Warm Fl _ i
CMOS Analog Ua‘d" Twisted Pair 238 5 2x7 rows pin carriers s |
Decoupling - Front End ASIC 32 readout channels/row {—m . |
in LAr @ ~90K {_2 -5 m) P j Receiver I
- g |
&1 g HEﬁI:wmmm. 1 DoodpeacK 1 '
/ -
l Intermediate Ampilifier '
Warm ne Dri |
Feedh‘hroughum T / | FEM (Front End Module)
8256 TPC channels Faraday Cage Extension Suclpiee
T ftModw;”-' »{ Toonarc)
ransm Optical Link e/
LAr GAr ] —
»| ToDAQPC |
Transmit Module Optical Link \ /
B.lckpl'.lm'
PMT Readout Board .
Digitzing Section | Data Handling Section Trigger
! On Board Memory Board
|
|
32 PMT channels Flange :
—ﬂ | FPGA Beam Gate
- | :_
\ | FEM (Front End Module)
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¢ Multiple ways o get to 3D Example MC Interaction Event
(2D Projection of 3D)

* Identify clustered tracks/showers in 2D,
match across planes

* Create 3D hits from wire triplets
(matching charge) and directly cluster
tracks/showers

—  “Wire-Cell” method (see images)

Example 3D Cosmic

Event (Data) ..
-
\/
N
'.t" X
o H \‘ d :
_. \ s Lo
X L7 e il
/ R I g
7 % b

MC Truth

BooNE,_
H <l http://www.phy.bnl.gov/wire-cell/bee/

Run 1463 Event 23. August 15t 2015 10:37 42
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[Looking at Noise Data  |pmi

¢ First look at noise data: during TPC and cryogenics commissioning
(April-July 2015)
¢ TPC noise level dropped during purge/cool-down

* Expected (desired) feature of cold electronics; noise level as expected from
design

¢ TPC noise level slowly rose with LAr fill

* Increased capacitance w/ LAr

LAr Level in MicroBooNE TPC vs. Time Time Dependence of Noise in TPC

4.0 9 900 1 :
) Error bars represent the standard deviation
‘E‘ # # of RMS noise over all collection plane wires
£ 800} ]
2 . = uBoo
10 ) 5 ——
& 700} + 2 T
c } =
[=] ~
= -
@ 600} % o
3 N 3
o £ (=)

. o
S 500l i \% ‘g
@ ‘~.ﬂ n
w
g b & ‘
= P
o 400} B e s ! MM
s I T [T |-: !
= Ll (LT} =
o
i T [ o T O A
© 2] 12 %) > Y B A N < A9 2
AR R L L L I NItk S A
) A5 A% A9 A5 A5 A5 A% A5 0 0 0
2° ° 7° ° ° ° ° 0 0 B N SN G
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Average number of PandoraNu vertices per event vs. run number

w0 14 .
o] "~ MicroBooNE preliminary ¢ onbeam date
H e — # Channels
= 13 « off-beam data
: el Affected
< ¢ ’ : Unresponsive ASICs ~300
é "E Shorted Wires ~400
: " Noisy Channels ~50
L] .
| Uninstrumented ~100
- - 3 Months >
. o 52'{10 “B400 5600 5800 6000 6200 6400

¢ High detector uptime — only handful of cathode, pump trips in first year
of operations

* Gaining operational experience with large LArTPCs — essential for running
future LArTPC experiments

¢ Both high-level and low-level features in data stable over time

¢ Number of unresponsive/noisy channels very stable w.r.t. time

* 10% unresponsive/noisy, but 97% of detector volume has at least two planes
operational (minimum needed for 3D reco.) 44
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MicroBooNE Preliminary

MicroBooNE Preliminary
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y LI I O p e by v s Lo le ol oo nlysaly ol 1 | I [ A i
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Event Number Event Number

e R e
| — & - U Plane (Raw)

Run 4523 —e— U Plane (Moise-filtered)
. EXTTriggers — o~ V Plane (Raw) 4
—e— \ Plane (Noise-filtered) -
— o== Y Plane (Raw)
—— Y Plane (Noise-filtered)

-= U Plane

8

70— Run4523 .
T Exr Triggers -+ V Plane |
60l After Noise-Filtering <-YPlane

8
T

L
(=]

i

Peak Signal-to-Noise Ratio (PSNR — signal height divided by noise RMS)
very high after software noise filtering

* Note: here calculated for all signals in event (not just MIPs)
* Collection plane: PSNR > 40
* Induction planes: PSNR > 12 (note bipolar nature of signal)

Higher PSNR post-filtering — charge resolution improves
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First Induction (U) Second Induction (V) Collection (Y)
80000 - 80000,
MicioBachE Preliminary MiceoBaoME Preliminary [ MicroBosME Prediminary

70000( Before LV filter Before LV filter | 70000/ Belore LV filter |
0000 Afer LV fiter After LV fiter | mi _ After LV filter _
0000 :

g

§

=

% 92 04 06 08 b2 oa 0.6 08 1 b5z " o0s 08 08
Fraquency (MHz) Fraquency (MHz) Fraquency (MHz)

¢ Majority of noise present before filtering is due to low-frequency
(10-30 kHz) noise coherent across all channels on a cold
motherboard pair — thought to be associated with voltage regulators

¢ Almost completely filtered out with software algorithm that takes
advantage of coherent nature of noise

¢ Hardware fix: upgrade service boards (this summer)
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Zoomed Raw Signal Signal After Full Noise Filtering FFT of Raw waveform

&0 1 al )
! MicroBooMNE Preliminary [ MicroBooNE Preliminary MicroBooNE Preliminary
600

= = :

J l‘ "Illn ,Lfll
‘A

g “i hn’l I“fhl Jl‘{ § o

1-:|:_ J || I \ | [ I| || I

2 Ll l =

3o} [ -3"15

40/ 0

iy ST .?‘}.‘:"1 .D;m T 00 5 e . — % 0.2 0.4 0.6 08 1
chis | us) ks (0.5 )

Freguency (MH.Z)

¢ Another major noise source primarily on first induction plane:
narrow-band noise associated with cathode HV power supply

+ Can filter out easily in software (compare left to middle)

* Hardware fix: install second filter pot for cathode HV (this summer)

¢ High-frequency pick-up noise on downstream side of TPC (right)

* Suppressed by higher shaping time, easily filtered out with low-pass

filter
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Raw signal Raw signal after noise filter

MicroBooMNE Preliminary MicroBooMNE Preliminary

0 1000 2000 3000 4000 5000 G000 TOO0 BOOD B0O00 0 1000 2000 3000 4000 5000 B000 7000 BO0O SO00
Ticks (0.5 us) Ticks (0.5 us)

¢ Occasionally ASICs found to “saturate” leading to dead regions of
TPC waveforms

» Charge builds up too fast on capacitor in ASIC circuit

* Current source believed to be from vibrating wires — worse for longer wires

¢ Solution is to use higher bias current (“leakage current”) setting in
ASIC — occurrence small in MicroBooNE, but accounted for in
software noise filtering step

* New ASIC design includes higher leakage current settings
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Weighting potential of a wire

Number of lonized
electrons

Field 8 .
Response = I

Signal on Wire Plane

Electronics 3
Response - v

Signal to be digitized by _ -
ADC RN ©
l Signal |

Calibration

Number of lonized
electrons
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1D Data-inspired Responses

So.15¢

—U (ind.)
—V (ind.)
— W (col.)

| :IlJIlllIl]llllll]ll]llllll]ll
© -30-20-10 0 10

Time (us)

2D Garfield Responses

0.05

~0.05}

T T

U plane
—R,
—R,
— _R2
_R3
-30-20-10 0 10
Time (us)
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2D Garfield Responses

I V plane
- —R
0050  Tp
L _Rz
I —Ry
or
—0.05}

R R
Time (us)
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Time Domain Frequency Domain
= 0.2
= 0 g — U-plane
0.15- — V-plane
L i f | —W-plane

20 0 0 10 20 0 02 04 06 08 1
t (us) o (MHz)
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Weighting Field of a U Wire

Shockley-Ramo Theorem:
i = Eyqu

i:= induced current on wire
E, := E field at drifting charge
location in direction of motion,
with wire at unit potential and
all other wires grounded
:= electron charge
:= electron velocity
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. Deconvolution Procedure |

The deconvolution is employed to estimate the true ionization
signal S from the measured signal M on the raw waveform, with

(tu]—fu R(t, ty)- S(t) - dt.

R(t,to) = R(t — to),

This process is done in the frequency domain and utilizes a
known full response R (field + electronics) and a filter F:

A 2D (time vs. wire) deconvolution is done for the U/V planes in
order to account for different responses from nearby wires:
- My {w) - Ry(w) Ri(w) ... Byolw) Ru—1(w) S1(w)
My |:.i&-'.:| Ry {'5*—".} Rolw) ... H:ri.—ﬁ{:':“..:} Ry alw) Sa(w)
My (@) | | Bua(@) Rus(w) .. Rolw) Ri(w) | | Se 1)
M, (w) Ry 1(w) Ruo(w) ... Ri(w) Ro(w) S (w)
The 2D version (R matrix inversion) recovers reconstructed
tracks at high angles with respect to the anode plane.
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simulated (€, - E,)/ E,[%]: Z=5.18m Simulated (E, - E,}/ E,[%]: Z=0.10m
.E-Iso__. LN L e e T .__ E'
o 3 MlcruBaoNE PrellrrllrlaryI 4
Rd O R i e e R T o AR
=100
50' 05
0 __ o 05 1 15 X [En] a 05 1 1.5
[ - Simulated E, /E,[%]: Z=5.18m Simulated €,/ E,[%]: Z=0.10m
_50’_ . T S
E “T00F £ o i it e
Ll
& r ' .
[ — et e by e b e by b
= 150

0 50 100 150 200 250
X [cm]

¢ Utilize MuCS for track t, tags

* Probe features in drift direction

% 4 See strange feature in data

— Monte Carlo
¢ Data

# Data - SCE comected

] E
© 450F MicroBooNE Preliminary
8 400f

¢ Seems like SCE feature, so take a look at SCE

E 350 Simu1ati0n
Z 300F
=0 ¢ Datavs. MC: similar, but differences
1505
. h ¢ Attempt partial correction — can reduce impact
L L R kv of effect in data 55



Simulated (E, — Ey)/ E, [%]: Z =5.18m

1 15

Simulated (E, —Eg) / E, [%]: Z=0.10m

1 1.5 2 25
X [m]
Simulated E, / E, [%]: Z=0.10m
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h SCE Spatial Distortions

Koo — Kie [CM]: £=5.18m Koo — Kime [cM]: £2=0.10m
E
>~
0.2
-0.4
0.6
-0.8
1
1 25 . 1 1.5 2 25
X [m] X [m]
Yreco — Yiue [CM]: £2=5.18m Yoo — Yime [cM]: £2=0.10m
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uBooNE

Laser Run
@ -58 kV

7

Space Charge N

L, 70 cm Effect
. \\\Q}}Q%\\\\\\\» c ec

D LS ) Run 1306 Event 134. August 10t 2015 11:03

1000

¢ Qualitatively, SCE very clear in laser event displays

¢ Can make point-to-point SCE correction throughout TPC using
crossing point of two laser tracks
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TPC
Face

¢ Uses t -tagged tracks: anode-cathode crossing tracks,

Reconstructed
Track (with SCE)

.....
-----

.
- -'
-
-

’f

TPC
Face
“True” Track
T(no SEE) TPC
Face
Anode >Y /Z

Reconstructed
Track (with SCE)

“True” Track
(no SCE)

NATIONAL LABORATORY

TPC
Face

Anode

—>Y/Z

anode/cathode-piercing tracks and MuCS-tagged tracks

¢ Calibrate points in TPC using single tracks (TPC faces) and pairs
of tracks (TPC bulk) — utilize ~straight tracks using MCS
measurement (high momentum — ~straight)
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ON E T I T T T | T T T | T T T T T T T T T | T T T | T T IE ON- E | T T | | E
© 450 MicroBooNE Preliminary — Monta Garlo — © 400F MicroBooNE Preliminary -
» - ¢ Data E n = ]
.dz} 400:_ ¢ Data - SCE corrected ™ ?—_’ 350 ced  —]
£ = 3 = - ]
] 350E E w 300 =
Z - 3 = = ]
300 E 250F E
250 — = ]
= 3 200 —
200E- @ E - g
W i o= ;
1005 & = 100 E
50 o = 50 ot E
 GosonGamnienrae® | . o e . -
-8 -6 —4 -2 0 2 4 6 8 -8 -6 —4 6 8
A8, [] A8, [

(a) Af, residual distribution (b) Afy. residual distribution

¢ Validate SCE calibration using separate sample of t_-tagged
tracks
* Look at track angles, track hit density, etc.

* Also characterize time-dependence of effect — important!

¢ MicroBooNE SCE public note gives example of this type of

validation using MuCS-tagged tracks (angular residuals) 50



Michel
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Topology (“Kink”) Calorimetry (Bragg Peak)

— 130} B - . . i = —o95| H B |
ERul T Q(@\ ......................... - pBooNE
.e H
- . = |
5 125} 1 5 -100
'E H ‘®. -8 f
g ' \ : :
5 120 T5 LD e PSR
3 £ 29.0.
o o
S 115) 8 -110 '
N N
. ; ;
110 . ‘ COSMIC DATA : Run 4487 Event 8. =115} . - i COSMIC DATA ': Run 4468 Event 1293.
310 315 320 325 330 665 670 675 680 685
X (drift-direction) [cm] g X (drift-direction) [cm]
1.0 T ] = 400 T T T T T T
v | . R 3 e - Cluster Truncated Charge Profile
H ES "
08 ] s o 9[350__ Tagged Muon Stopping Point SO ST SOV ,. ]
T y it " — Tagged Michel Hits
z Y e & 300 gged 9
‘c 06 iy Bl © »
g e i S 250 [
= 1 .
3 04l Local linearity y* measure. 'l ' % i
[ *-® Avg. linearity for tagged muon hits: 0.81 M < 200 d ]
g Avg. linearity for tagged Michel hits: 0.99 ' g i
L = [y
0.2F| —  Tagged Muon Stopping Point 3150 w.v
Tagged Michel Hits =
0.0 H H H H 9 :
0 5 10 5 20 25 30 35 40 é 1005 20 40 60 80 100 120 140

2D projected distance along track [cm] 2D projected distance along track [cm]

¢ Tag Michel electrons from cosmic muon decay using
characteristic topology and calorimetric information

* 2D reconstruction for now (collection plane only)

* Yields a high purity (80-90%) and low efficiency (2-3%) sample of
Michel electrons
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Special Runs

pBooNE
=

Laser Run
@ -58 kV

70 cm

Run 1306 Event 134. August 10th 2015 11:03

¢ Also have taken special runs for calibrations and detector physics —

laser, cosmic, special ASIC settings, etc.
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Laser Run
@ -58 kV

Space Charge s ,
70 cm Effect Not Large o« AN

Run 1306 Event 134. August 10th 2015 11:03

¢ Also have taken special runs for calibrations and detector physics —
laser, cosmic, special ASIC settings, etc.
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¢ Four stages: (1) purge (2) cool-down (3) LAr fill (4) recirculation and
purification — operating at least 2-3 times design purity!

0, Contamination of Gaseous Argon During Purge Average Cryostat Temperature

ture [Kelvin]

Time (4/21/2015 to 4/24/2015)

LAr Level in MicroBooNE TPC vs. Time

Fill Level [meters]
=
n

~ ~ otanker
i | Period during which TPC was being submerged

I I I I I I I I I I I I P 1 1
o a® g At @a®
S

=
=)

40 ppt O,

IIHIIII\‘IIII‘H\I

ool i |
©
Qﬁ):\' Qﬁ):\'q QQ:L’L Qﬁ)”f)
el el el el
S N

oV I\ i\ 9
WS @ T

Date

P I
22 24 26
Days from Start of Filtration
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Early History of the
Development of LArTPC

« W. Willis and V. Radeka, Liquid argon ionization
chambers as total absorption detector, NIMA 120:221
(1974)

* D. R. Nygren, The Time Projection Chamber: A New 41t
Detector for Charged Particles. eConf. C740805:58
(1974)

* H. H. Chen et al. A Neutrino detector sensitive to rare
process. |. A study of neutrino electron reactions.
FNAL-Proposal-0496 (1976)

* C. Rubbia, The liquid argon time projection chamber: a
new concept for neutrino detector, CERN-EP/77-08
(1977)
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2015

Single-Phase 35-t proto
o CAF{UF

Also :
ARGONEUT MicroBooNE

Dual-Phase _ 2016

Ty 3
WA105:50-t Ixx3 m* 1 1oDUNE (NPO2/WA105)
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Cross-Section

Oscillation Measurements Detector
Physics Physics for
(Investigate g LArTPC
MiniBooNE Low- R&D
Energy Excess)
neutron ﬁ?bion
Supernova Neutrino
Detection Exotic Physics
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¢ Low-energy v, /v_candidate excess

seen at MiniBooNE
* MiniBooNE: Cherenkov detector
(also on BNB)

* Baseline too short (541 m) for 3-
tflavor v — v, oscillation

¢ No e#/y separation... 1s excess
misunderstood background, sterile
neutrino, or... ?

o“:.. o*°°° B
% . o' " .. < W .d:. :. y
.. b ° : ° : ; : .:I
N L] .. .. : . .. L] : o L] L
L e ® [ 9 ] ® %0 ® %o
® o, ..ﬁ hd ...'.... ol ..'..’.l“' -
Electron 0
ectron,  nMuon Proton ™ 77
Photon

(Cherenkov Detector)

Events/MeV

Events/MeV
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47cm)

Time (t*Vvarift

¢ Can discriminate e+/y with
MicroBooNE's LArTPC
* Shower displacement from

vertex (“gap”) for y also
provides separation

* Separation with dE/dx

¢ End result: either discover new

particle or improve MC for
future experiments

Wire Numbers ( N * 4mm pitch =90 cm)
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Single electron shower

( y->e*/e  shower

\ ; — Simulated Electron Candidates
| — Simulated Gammas
|4~ Electrons, Data
'8 r -1k -+ Photons, Data
N
=t . i .
= ArgoNeuT
jugy s ‘
2 arXiv:1610.04102
o I ] : )
g
go ) +
©
<
-
P + S S
3 0 1 2 3 4 5 6 7 8
§ dE/dx [MeV/cm]
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¢ Cross-section measurements at MicroBooNE
will teach us more about nuclear effects,
neutrino energy reconstruction, etc.

* e.g. nucleon-nucleon correlations

< T2K (Fe) PRD 90, 052010 (2014)
4 T2K(CH) F‘HD 90, 052010 (2014)

RRAATIA02003 (2013
ArgoNeuT PRD 89, 112003 (2014
ArgoNeuT, PRL 108, 161802 (201

g
(=2]
]

—
E=
T

X O BEBC, ZP C2, 187 (1979)
1.2 A BNL, PRD 25, 617 (1982)
) ok { CCFR (1997 Seligman Thesis)

XX Er@«a<4m@n

CDHS, ZP C35, 443 (1987)
GGM-SPS, PL 104B, 235 (1981)
GGM-PS, PL 84B (1979)
IHEP-ITEP, SJNP 30, 527 (1979)
IHEP-JINR, ZP C70, 39 (1996)
MINOS, PRD 81, 072002 (2010)
NOMAD, PLB 660, 19 (2008)
NuTeV, PRD 74, 012008 (2006)
SciBooNE, PRD 83, 012005 (2011)
SKAT, PL 818, 255 (1979)

1 Only eX1st1ng v-Ar data
08:' .{H - Vu N—uX
------------- %M§§e
S 04l
Z:.’iﬁwaWﬁ;
0 ] ] MM EEENE SRR NN EE FRE NS RN N
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A. Schukraft, G. Zeller

250 300 350

E, (GeV)

NATIONAL LABORATORY
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¢ Cross-section measurements at MicroBooNE
will teach us more about nuclear effects,

° ° p— K'+v
neutrino energy reconstruction, etc.
* e.g. nucleon-nucleon correlations
Energy Range:
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¢ Additional topics include studies related to supernova
neutrinos and exotic physics

« If we're lucky, supernova neutrinos (~10 MeV)
captured using continuous readout stream and
SNEWS alert system

— Also study zero suppression, triggering schemes

* Can study proton decay backgrounds in
MicroBooNE's LArTPC

— Signal: p— K"+ v

— Background (cosmogenic): K°, + p —K*+n

¢ Both helpful to DUNE physics program

Sanford
Underground
Research

Facility i
o V- ‘ NEUTRINO S
PP P e ST PARTICLE PRODUCTION
i Yigro- DETEGTOR =
L UNDERGROUND

PARTICLE

DETECTOR DUNE: Deep Underground Neutrino Experiment 73

Fermilab




¢ Must understand detector effects to develop LArTPC

technology
* Essential for SBN and DUNE

» Space charge effects (SCE), wire response, energy scale,
noise studies, diffusion, e- lifetime, etc.

lonization

Space
Charge

Recombination

Purity

Energetic
Chargengarticle Electron
S ____—transportation
lonization Excitation— ) .
— and diffusion
< Penning | R’ \ Decay
lonization L

Resonance
. Absorption

Dissociation

Attachment
Triplet
= (Long})
- Need <30 ppt H,0 for .
2.5m drift 4 Absarotion,
: Scintillation | Penning
Tusille Light Signal
E—oo E—0
42,000 e/MeV 51,300 ph/MeV

8980 e/mm for MIP 10,900 ph/mm for MIP

{40,000 for Nal(Tl})

R:LAr
X :H,0,0,

NATIONAL LABORATORY

Important to understand
detector effects and
develop calibration

scheme for unbiased,
precise determination of
ionization charge.
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Booster Neutrino Beam [

Booster Neutrino Beam: “BNB”
— Receives 8 GeV Protons from Booster
- v, (v,) beam

MicroBooNE @ BNB:

— On-axis at 470 m baseline

B oosterv-beam ...t\ 1‘& e 5 — First three years in v, mode (pre-SBN)
MicroBooNE, SBN program ‘-é. Booster ‘
- Svworoton-energy: 8 GeV

yL
DUNE v beam

9




BNB Overview ERODKHALEN

¢ Protons hit beryllium target producing mesons

¢ Magnetic field of horn focuses positive mesons, defocuses negative
mesons

¢ 50 m decay pipe for st* and K* decay to primarily p* and v,

¢ Layers of steel and concrete absorb charged particles

¢ Result: v, beam

-
----------------------------

Absorber
K 76



Protons hit beryllium target produc

Magnetic field of horn focuses posit
mesons

50 m decay pipe for st* and K* deca)

Layers of steel and concrete absorb

Result: v, beam

®(E ) (v/POT/GeVic n?)

NATIONAL LABORATORY
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