Detector Physics measurements in

I\/I|<:roBooNE

T

i

Hl“lﬂi ny |
munum»; ™

lllllll

Sowjanya Gollapinni, UTK
(for the MicroBooNE Collaboration)
Joint DUNE/SBN Meeting: Lessons Learned, Fermilab, May 15, 2017



The MicroBooNE LArTPC

Surface-based, 89-ton active volume liquid argon

One drift chamber
- Cathode at -70kV
- Diriftat 2.56 m
- E-field at 273 V/cm
Three wire planes
- 2 induction, 1 collection
- 3 mm wire pitch

- 3 mm wire plane spacing

PMT and UV Laser System

Collecting cosmic and neutrino
data since Fall 2015
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LArTPC Technology

« LArTPC technology provides particle interactions with unprecedented amount of
detail and allows exceptional calorimetry and high resolution tracking

« However, complete understanding of the physics that surrounds the drifting
electron and precise calibration are essential to achieve physics performance

- Ciritical for the SBN and DUNE program

- With plenty of data, MicroBooNE is making excellent progress towards this effort!

Run 1153 Event 13. August 6 2015 21:02 F’
lll;()szli{:i:f%’

Neutrino Event

Cosmic Event

Run 3493 Event 41075, October 237, 2015




lonization charge in a LArTPC

Precise determination of ionization charge and position, from the point of formation
to the point of collection, with as less bias as possible is critical for both energy scale

reconstruction and detector resolution

There are many effects that can impact this

Image credit: Y.-T. Tsai
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lonization charge in a LArTPC

« Precise determination of ionization charge and position, from the point of formation
to the point of collection, with as less bias as possible is critical for both energy scale
reconstruction and detector resolution

« There are many effects that can impact this, E.g.,

Energy scale ﬁ

(

Position/timing
Resolution

.

— Argon purity (e’ lifetime)

— Electron-ion recombination
— Space charge

— Electronics calibration

Diffusion
Space charge
Noise

Wire response

\

-

These effects are not
independent,
everything effects
everything — which is
what makes this
challenging!



This Talk

We will focus on,

Space charge effect
e Electron lifetime measurement

e Electron-ion recombination

e Electron diffusion

Example of how these effects are connected: Calorimetry

dQ/dx (ADC/cm) — dQ/dx (e/cm) — dQ*/dx (e/cm) — dE/dx (MeV/cm)
|\ ) | - ) - J

Y Y Y
Purity

Electronics Electron-ion

correction

calibration factor Recombination

Correction



This Talk

We will focus on,

« Space charge effect



Space charge effects in MicroBooNE

Simulated (E, —E,)/E, [%]: Z=5.18m

MicroBooNE is surface detector — abundant cosmic rays
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Build up of slow moving Ar*ions in the detector due to, °
for example, cosmic rays, which results in: "
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Spatial variations in ionization position: Around 5cm 0
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Space charge effects in MicroBooNE

« Space charge effects (SCE) seen in

- Laser data and muon tracks tagged by an external

“small” muon counter (MuCS) *;3
°
¢ Measurement using MuCS tagged tracks =
(=}
)
- Pros: “t0” known o
Voltage Setting:
- Cons: limited angular coverage (this will improve =28 kv
with the full tagger system now in place) 70 cm

UV Laser Run 1306 Event 134. August 10th 2015 11:03
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Space charge effects in MicroBooNE

Measurement using MuCS tracks

Ay [em]

e Data and MC reasonably agree in terms of
basic shape and normalization
« Offset near anode in data:
- Is liquid argon flow pushing the ions near
the anode?
- Interesting ideas on testing this theory:
e.g. vary pump flow and see how it effects
ion SCE
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Space charge effects in MicroBooNE: outlook

Read all about our space charge preliminary results in our public note:

http://www-microboone.fnal.gov/publications/publicnotes/
MICROBOONE-NOTE-1018-PUB (November, 2016)

On-going & Future work to fully characterize/calibrate the SCE in MicroBooNE

MuCS moved to various Z boundaries and data taken — data currently being analyzed

Using UV laser data to do 3D calibration for space charge

We have the laser data, current focus on developing end-to-end Laser data
reconstruction

Laser system doesn't provide full coverage: plan to fill the gap with additional “t0
known"” cosmic data such as A-C crossing tracks, A/C piercing tracks etc.

Great progress recently towards understanding time dependence of SCE

Stay tuned for more results soon!

Later we will see, SCE significantly impacts lifetime and recombination measurements

11


http://www-microboone.fnal.gov/publications/publicnotes/
http://www-microboone.fnal.gov/publications/publicnotes/MICROBOONE-NOTE-1018-PUB.pdf

Space charge effects in MicroBooNE

Read all about our space charge preliminary results in our public note:

) Lessons learned for SBN/DUNE:

o ° SCE a challenge for any surface-based LArTPCs

data

- Stay tuned for more results soon!

Later we will see, SCE significantly impacts lifetime and recombination measurements
12


http://www-microboone.fnal.gov/publications/publicnotes/
http://www-microboone.fnal.gov/publications/publicnotes/MICROBOONE-NOTE-1018-PUB.pdf

This Talk

We will focus on,

e Electron lifetime measurement



Impurities in argon & charge loss

« Electro-negative impurities such as (O, and H,O) can capture drifting electrons and

N, (t45) =N, (t,) x exp(=t,; "'@

result in signal loss

Free electron attenuation

S.Gollapinni . . .
I A S S NS S electron drift-lifetime
= o™ E=0273kviem
07 B A
- 10ms « Measuring e lifetime tells us
0.6 | | | | : | : e
05 _____________ _______________ ______________ ___________ ______________ - - lonization signal loss @ given E-field
04 """""""" o """"""" """"""" """"""" """"" - O, contamination in argon
o ST
 Electron lifetime and O, impurity
AV e a T ?
S T T i contamination are inversely proportional
01 Sy A ; ; ,,,,,,,,, ............... ,,,,,,,,,,,,,,, ............... \ .............. ; ,,,,,,,,,,,,,, ; ,,,,,,,,,,
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MicroBooNE

« For Example, In MicroBooNE, to achieve 36% signal loss (or 5 ms lifetime at 273 V/cm),
require O, equivalent concentration to be less than 60 ppt 14



Measuring electron lifetime

Many ways to measure this:

Purity Monitors (e.g. ICARUS, MicroBooNE)

Long Cosmic muon tracks (e.g. ICARUS)
Laser (e.g. ArgonTube)

MicroBooNE Volume Exchanges
5 6 7 8 9 10
g‘)‘;'l""l"“l"“\ | BERERE
goe  Within 30 days of the filtration procéss
0.8 T

<100 ppt of O, 1

Anode to Cathode charge ratio

0.3; -
3 Purity Monitor E
0.1 ]
°:112'“114“'1161"1|a“'2|oull'HIHI

22 24 26
Days from Start of Filtration

MICROBOONE-NOTE-1003-PUB (May 2016)
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Measuring electron lifetime

Many ways to measure this:

- Purity Monitors (e.g. ICARUS, MicroBooNE)
- Long Cosmic muon tracks (e.g. ICARUS)
- Laser (e.g. ArgonTube)

UV Laser: would be great if one can do it
- Uniformity of ionized charge along the

track is important

MicroBooNE

5

Volume Exchanges
6 7 8 9 10

Q,/Q,

Flfli\illll\l-

Anode to Cathode charge ratio
"".I""%"'\"“.

| 1 T |

Within 30 days of the filtration procéss

<100 ppt of O, 1

Purity Monitor

1 J 1 L 1 l 1 1 1 I 1 1 1 I 1 ] 1 l 1 1 L I 1 1 1

Advantages
Quick (online) measurement

Doesn’t require

Disadvantages

e Localized measurement

« Cannot always be

20 22 24 26
Days from Start of Filtration

By far the best way to measure
purity is using long cosmic muon
tracks

Wide angular coverage

Can represent purity through out
the TPC and can be used to
understand purity variations over

the entire volume 6



Electron lifetime using cosmic rays at MicroBooNE

MicroBooNE Preliminary

o This talk: measuring electron lifetime from 10 e e
TPC tracks that cross both anode and - gﬁ%ﬂ iggg
cathode — TPC crossing tracks L=

* Ina 5k event sample, about 2% tracks P -~
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Space charge & dQ/dx

_MicroBooNE Simulation
Prellmlnary :

N
(4]
o

« Space charge induced E-field distortions impact

245

dQidx (ADC/lcm)

electron-ion recombination which in turn impacts

dQ/dx 240

EmmEmmmn AR
£
b

- Recombination is suppressed at higher 235

fields

230

-  Cathode: 12% increase in E-field — 3.55%
increase in dQ/dx

225
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« 3D distortions in the ionization position can also - Micrqioo:gE_Sir:nulat:ion
. : Freliminary
impact dQ/dx

245

dQ/dx (ADC/cm)

- Example: tracks crossing the wire planes at

240

45 degrees will roughly see about 8% bias
in dQ/dx 235

e Both of these effects result in a scenario where 230

charge appears to be increasing with drift 4
distance! =

- Wlth space charge
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Electron attenuation after space charge corrections

MicroBooNE Preliminary E=0.273 kV/cm
U _I [ ‘ 1T | [ \:| T 17T ‘ ITTT ‘ ITTT | T T | I TT ITTT |:| [ | T T | 1T ‘ 1T | [ \_
g « L4 4 without corrections | o .
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. i = i
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06 - F T« Pur high in MicroBooNE
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02— — power outage and LAr top-up
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« Space charge corrections extracted from models implemented in Simulation

- Since data and MC doesn't agree completely, a large systematic error assigned to
corrections

- Future studies focused on extracting data-driven corrections 19



Electron Attenuation after systematics

MicroBooNE Preliminary E=0.273 kV/cm
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Day
Systematic name Uncertainty (%)
Space charge correction 5.0
Recombination model 1.0
Diffusion 2.0
Total 5.5

(% of final space-charge correction Q, /Q_ value)

Overall Period:

Q,/Qc > 0.72+/-0.04
Lower bound
— 6.8 ms electron lifetime

— O, contamination < 44 ppt

— Maximum charge loss 28%

Normal Operation:

Q,/Q¢> 0.88+/-0.04
Lower bound
— 18.0 ms electron lifetime

— O, contamination < 16 ppt

— Maximum charge loss 12%
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Electron Attenuation measurement: Outlook

Main message: The argon purification and recirculation system in MicroBooNE is
performing exceptionally well

- The maximum charge loss during normal operation is ~ 12%!
Analysis presented at the APS "“April” meeting — Public note coming out soon
Future studies

- Since space charge is our biggest effect, effort focused on deriving “data-
driven” SCE and related systematics

- Extending the analysis to a larger MicroBooNE dataset

- Other systematics such as muon energy loss, dynamic induced charge,
electronics gain and shaping time variations etc. will be studied in detail as
well.

- Stay tuned for updated results soon!

21



Electron Attenuation measurement: QOutlook

Lessons learned for SBN/DUNE:

- When the purity is very high, space charge has sizable effect on

Eis

22



This Talk

We will focus on,

e Electron-ion recombination



Electron-ion Recombination

Recombination is obtained using the equation

Energy lost by
The charged

‘ -----

- Work function
In argon (energy

e Two recombination models exist:

- Birk's Model and Modified Box Model

o AB 111(05 + i? ﬂ—f)
RBirk’s — 1+ kg dE 1 RModBom == Bo dE
p dr €& pE  dz

« These models are tested by previous experiments (ICARUS, ArgoNeuT)

« Goal: using stopping muons/protons obtain theoretical parameters for 24
MicroBooNE



Stopping muons/protons for Recombination

« Stopping muons/protons an excellent source to measure recombination

« An “in-progress” analysis presented at APS mainly to introduce analysis methodology

Signature: decay to Michel electrons (combine topology & calorimetry to select events)
Michel electron paper, arXiv: 1704.02927, submitted to JINST, April 2017!
Cosmic muons decay into Michel electron roughly 2/3™ of the time

Recombination analysis performed using 2000 stopping muon candidates

More details in uBOONE s P .
D. Caratelli’s o On-going studies:

talk — Validate analysis methodology

Bragg peak

— include other systematic effects
(e.g. space charge)

— Extend scope with stopping
protons from cosmics and possibly
also from BNB interactions

COSMIC DATA : RUN 4487 EVENT 104. January 12 2016 25



Stopping muons/protons for Recombination

« Stopping muons/protons an excellent source to measure recombination

. An‘ir ~ ‘alogy

Lessons learned for SBN/DUNE:

- Developing strategies to identify and prepare stopping

muon/proton sample and making them centrally available will be
- very useful to many analyses such as recombination, Michel
electrons etc.

— Validate analysis methodology

ragy pest — include other systematic effects

(e.g. space charge)

— Extend scope with stopping
protons from cosmics and possibly
also from BNB interactions

COSMIC DATA : RUN 4487 EVENT 104. January 12 2016 26



This Talk

We will focus on,

e Electron diffusion



Ditfusion

Image credit: A. Lister

Electron

K'now.ledge of tr.ansport‘propertles, suc.h as  E,,F —
diffusion and drift velocity of electrons in E ,F |— D;=13.0cm?s s
. . . @) C -
liquid argon — essential for LArTPC 180 |7 D, = 6.36 cm?/s -
C ~
performance 1.6/ -
- T
In strong electric fields, Diffusion is not 12F Ve
. . . . C e
isotropic — measure longitudinal and 1 s
Transverse components separately 08~
0.6 / .7
Transverse Diffusion: perpendicular to drift 0.4/
: : e E =273 V/cm
affects spatial resolution 0.2} | | | | |
0 50 100 150 200 250

Longitudinal Diffusion: parallel to drift
— affects timing resolution

Drift distance (cm)

Longitudinal diffusion can also be used to tag “t0” of tracks in a TPC (from 35-ton)

Only few measurements on diffusion so far

- Transverse diffusion for fields above 1500 V/cm

NIM122 (1974) 319; PRA20 (1979) 2547.)

- Longitudinal diffusion for fields b/n 100 and 2000 V/cm

NIMA816 (2016) 160; NIM A345 (1994)230.

28



Longitudinal Electron Diffusion in MicroBooNE

« Diffusion is a very challenging measurement since it is impacted by almost

anything Wire Noise Level in MicroBooNE

- Noise — noise in MicroBooNE at the expected level . U-Plane 1600
currently not a problem for Diffusion 3 V-Plane Microl?ooNE 0
: - Y-Plane g
- ADC threshold o L. @
=2 T | oy L
? [ 'L, T, cilmsy 4002
- Electronics gain and shaping time c ol £t *qué -h, 2
g = e 'q&“ah .: r ("'_:}
. . E - - P
- Transverse diffusion B p {, 2t @
e *"#‘7‘ 1 { P : o B o g
&) J' oy ey ' / \ e
- Raw detector signal vs deconvoluted signal vs hits o ivieretcetaiisli 200 5
N - a H Chen’s taIk T
what stage analysis is being performed matters! 1 | &
o
I\/IICROBOONE NOTE 1016 PUB

- Space charge/ recombination

1 1 | | | l | | | | | | | | | | |
00 100 200 300 400 500
Wire Length (cm)

Track angle, charge induced on to neighboring wires etc.
e There is a lot of on-going work to measure longitudinal diffusion in MicroBooNE

- First "in-progress” results for analysis methodology based on MC will be presented
as a poster at the upcoming Users' meeting by A. Lister

- The next step is to understand the various systematics by moving to a more

realistic sample that is close to data 29
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Longitudinal Electron Diffusion in MicroBooNE

« Diffusion is a very challenging measurement since it is impacted by almost
anythina

oNE
Lessons learned for SBN/DUNE:

@
E

Characterizing noise and other low level detector response details

&
8

Equivalent Noise Charge (electrons)

g

g; |

GllllillllillllilllJiJl
0 100 200 300 400

Wire Length (cm)

- Track angle, Dynamic Induced charge etc.

There is a lot of on-going work to measure longitudinal diffusion in MicroBooNE

- First “in-progress” results for analysis methodology based on MC will be
presented as a poster at the upcoming Users” meeting by A. Lister

- The next step is to understand the various systematics by moving to a more
realistic sample that is close to data 30



Closing thoughts

« Many great results (especially detector physics related) from MicroBooNE over the
last few months, check out our publics note page:
http://www-microboone.fnal.gov/publications/publicnotes/

- Many milestones achieved for a ~100-ton scale detector!
- Many more results to come soon. Stay tuned!

- With Laser and CRT reconstruction ramping up, more advanced studies are underway

» The importance of signal processing, understanding detector effects and developing
a robust calibration scheme for LArTPCS cannot be understated

- Higher level physics performance critically depends on how precisely we can reconstruct
our ionization charge and position

- One big lesson we learnt in MicroBooNE: given how all effects are connected, each of
these detector effects require dedicated effort from early on and close collaboration to
achieve best calibration possible

- Keep in mind these effects can only get more complicated for longer drift detectors

- MicroBooNE is in a unique position to inform future detectors of these challenges!
31
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Extras
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Calorimetric reconstruction

« Calorimetry requires knowing

e The goal of calorimetry is to convert dQ/dx (ADC/cm)  dE/dx (MeV/cm)
- Step 1: dQ/dx (ADC/cm) — dQ/dx (e/cm)

« Electronics calibration factor i.e., need to know electrons per ADC-tick

« Can use stopping muons to determine this

- Step 2: dQ/dx (e/cm) — dQ*/dx (e/cm)

« Correct for charge lost due to impurities during transit (electron lifetime)

« Many ways to measure this: cosmic muons, laser, purity monitors etc.

- Step 3: dQ*/dx (e/cm) — dE/dx (MeV/cm)

« Correct for the electrons lost due to recombination with argon ions

« Can be done using stopped muons or protons

« Space charge has a significant impact on all of this!

33



UV laser coverage for MicroBooNE

UV Laser on both sides along the beam direction (Z)

(X)

:

x [emi]

top view of TPC

Drift axis
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top view of TPC
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Beam axis (Z)
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Central Z slice

Koo = Xiwe [emM]: £2=5.18 m

0.5 1 1.5 2 2.5
X [m]
Zieo — Zine [cM]: Z=5.18 m

Y [m]

0.5

-0.5

Edge of Z

Koo = Xiwe [M]: 2=0.10m

0.5 1 1.5 2

Yreco = Yiwe [M]: Z2=0.10m

Zooco = Ziue [cM]: Z=0.10m

12
]
10
8
6
4
2
| |
2 25

2.5
X [m]

4{

X [m]

-0.2

-0.4

-0.6

-0.8

-1

SCE
spatial
distortions

Assumptions in Simulation
« No liquid argon flow
Uniform charge deposition

from cosmic rays
throughout the TPC
Linear space charge
density along drift
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Central Z slice Edge of Z

Simulated (E, - E;)/E [%]: Z=5.18 m Simulated (E, - E;)/ E;[%]: Z=0.10m

0.5 1

0.5 1 1.5 2 2.5
X [m] <
Simulated E, / E; [%]: Z=0.10m S E
2
[ ]
1 E—fl e ‘ d

: distortions

1 1.5 2.5
X [m]
Simulated E,/E, [%]: Z=0.10m
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Electron attenuation before/after SCE

ng 230418 o/ 2266119

'
:‘1’ 206.8 + 0.6838 Constant  5.366 + 0.002727

-1.466 + 0.8426
i 0.00187% £ 0.0004145 Slope -1.128a-05 £ 2.5032-08

High
purity
(a) 02/21/2016, day 6 (before) (b) 02/21/2016, day 6 (after)
IB::-?L;: 7 {ndl 25.87/18
3.228 = 0.08435 Constant 5.362 £ 0.003859
~0.001258 + 0.0002447 Slope  -B.AATa-05 + 3.137e-06
Low
purity

(e) 03/03/2016, day 17 (before) (f) 03/03/2016, day 17 (after)
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Location dependence

MicroBooNE Preliminary

~ 118
£
<
5
B 0.966 +/- 0.054 1.030 +/- 0.016 1.069 +/- 0.024 1.031 +/- 0.028
3937
-
>
-39.37
1.036 +/- 0.024 1.032 +/-0.017 1.067 +/- 0.017 1.061 +/- 0,024
-118
0 3 S 2 g
~ N M~ S
Z direction (cm)

* Location dependence charge ratio w/o SCE correction
e Chi2/ndf from an average charge ratio didn't yield significant
deviation, no location dependence currently included.
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