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Disclaimer

This talk is trying to cover in
~15 minutes more than 2 hours
worth of material on new
results from MicroBooNE!

NulNT 2018

MicroBooNE detector, modelling and performance

Simulation and calibration A" Schukraft &

Fully automated reconstruction

Gran Sasso Science Institute (GSS!) 16:30-17.00
17:00 MicroBooNE charged-current inclusive cross section measurement ~ MarcoDel Tutte &
Gran Sasso Science Institute (GSS) Irack reconstruction 17:00-17:25
MicroBooNE charged-current neutral pion cross section measurement Joel Mousseau &
Gran Sasso Science Institute (GSS!) Shower reconstruction 17:25-17:50
MicroBooNE electron neutrino inclusive cross section Colton Hill &
18:00 e/y separation
Gran Sasso Science Institute (GSSI) 17:50-18:15
MicroBooNE charged-current analyses with final state protons Raquel Castilio Fernandez &
Gran Sasso Science Insiitute (GSSI) Calorimetric reconstruction  1g:15-18.40

There is no way | can make justice to those analyses in this
short time, so apologies in advance to MicroBooNE analysers!
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MicroBooNE
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http://iopscience.iop.org/article/10.1088/1748-0221/12/02/P02017/meta;jsessionid=DC657D18996F120301114136AE4ABDB3.c3.iopscience.cld.iop.org

MicroBooNE: Crucial LArTPC R&D

Important Noise Filtering Developments

JINST 12, P08003 (2017)
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Aflter noise removal
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http://iopscience.iop.org/article/10.1088/1748-0221/12/08/P08003/meta
https://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07006
https://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07007

Space Charge Effect

4.8 3;"’::\’:gm They are one of simulation/measurement

oD v g, the main E1S0 T
. o McroBooNE Prelimisary
backgrounds in 100k TR —.
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1018-PUB.pdf
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<= unresponsive wires
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Run 5192 Event 1218, February

MicroBooNE Imaging

*Color scale indicates amount of deposited charge

28th_ 2016

First fully automated
reconstruction in a LArTPC

- Deep Learning
- Wire cell
- Others (3D)

Despite cosmic rays
contamination, noise,
¥ unresponsive regions,
we achieve a good
reconstruction
performance
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Eur. Phys. J. C78, 1, 82 (2018)
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https://doi.org/10.1140/epjc/s10052-017-5481-6

Pandora is a novel method of pattern recognition, which uses an G,

advanced multi-algorithm approach (with hundred of algorithms) for ‘:m’., ,&';
the reconstruction of cosmic ray muons and neutrino interactions N ‘"“?
Started in ILC and LHC, used for LArTPCs in MicroBooNE for the first "3 /

time, now established in other detectors (ProtoDUNE, DUNE FD) httpsy//github.com/PandoraPFA

Example reconstruction in MicroBooNE
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It Is also the first time we use this sophisticated output of
particle hierarchies (flow) in a LArTPC experiment

Eur. Phys. J. C78, 1, 82 (2018) & Eur.
Used in the analyses and callbratlons in following pages Phys. J. C 2015, 75, 439 (2015)
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https://doi.org/10.1140/epjc/s10052-017-5481-6
https://arxiv.org/abs/1506.05348
https://arxiv.org/abs/1506.05348
https://arxiv.org/abs/1506.05348

Vu CC interactions

Simulated v, CC events
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Cross section measurements are crucial for
oscillation analyses (currently the dominant
systematic error e.g. T2K, NOvA)

Moving towards LArTPC detectors (SBN, DUNE)
but not many measurements (only ArgoNeuT,
high energy)

MicroBooNE detector is fully-active and high-
resolution, providing full acceptance in angle and
momentum (41t coverage)

N
3 CC multi
_ _ Pro: high stats (anything with a muon)
. e.g. CC inclusive: Con: cosmic ray contamination )
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https://www-microboone.fnal.gov/publications/publicnotes/MICROBOONE-NOTE-1018-PUB.pdf
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Vu CC inclusive cross section

Event selection

Impressive effort to remove

cosmics using a combination of TPC
information and optical activity (PMTs),
matching the flash in beam spill with
TPC reconstructed hierarchies

d 5
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g
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dQdx vs length for ™
MIP separation
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Forward folding approach

do N. - B,
A | &N,y @, - (Bp,),

_ target
i

Rather than unfolding measurements
to true muon momentum and angle,
final results are presented in terms of
reco quantities. Efficiency is forward
folded as a function of reconstructed
variables using a smearing matrix S:

o g
w n (4
3 e D

e
-

Muon Momentum (MCS) [GeV]
o

b 05 1 15 2 25
Muon Momentum (Truth) [GeV]

See CC inclusive paper here and MCS paper JINST 12 P10010 (2017)
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https://www-microboone.fnal.gov/publications/publicnotes/MICROBOONE-NOTE-1018-PUB.pdf
https://arxiv.org/pdf/1905.09694.pdf
http://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10010/meta
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See paper here and Marco del Tutto's Fermilab Wine and Cheese Seminar here


https://www-microboone.fnal.gov/publications/publicnotes/MICROBOONE-NOTE-1018-PUB.pdf
https://arxiv.org/pdf/1905.09694.pdf
https://vms.fnal.gov/asset/detail?recid=1960193

vy CC Np and 2p

Puritn: 77%

Efficiency: 29%
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https://www-microboone.fnal.gov/publications/publicnotes/MICROBOONE-NOTE-1018-PUB.pdf
https://indico.cern.ch/event/703880/contributions/3159004/

Important proof of shower reconstruction and
calibration and EM energy scale
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https://www-microboone.fnal.gov/publications/publicnotes/MICROBOONE-NOTE-1018-PUB.pdf
https://www-microboone.fnal.gov/publications/publicnotes/MICROBOONE-NOTE-1018-PUB.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.99.091102
https://indico.cern.ch/event/703880/contributions/3159002/attachments/1734736/2805336/joel_mousseau.pdf
http://microboone-docdb.fnal.gov/cgi-bin/RetrieveFile?docid=15914&version=1

Ve from NuMI

Simple
Requirements

Flash Matching

Reconstruction
Quality

Shower Hit
Thresholds

Electron-like
Showers

Finalisation
Cuts

Fully-automated reconstruction (also Pandora) and selection of
data ve CC events from the NuMI beam in MicroBooNE.
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Electron/gamma separation,

extremely important for oscillation analysis
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3 3 5 6 7 ) 3 10
Collection Plane dE/dx [MeV/cm]

See talk at NuINT 2018 by Colton Hill here



https://www-microboone.fnal.gov/publications/publicnotes/MICROBOONE-NOTE-1018-PUB.pdf
https://indico.cern.ch/event/703880/contributions/3159004/

Summary and Forwards

MicroBooNE has been successfully operating for over 3 years,
and has built the expertise now exported to other LArTPCs in
many aspects:

* Noise filtering

- Cosmic background and space charge effects

- Dynamic induced charge and signal processing

* Fully-automated pattern recognition and reconstruction

- Calibration and recombination studies

MicroBooNE has successfully produced first cross section
measurements and many other studies are ongoing:

* vy CC inclusive + v, CC m©

- vy CC Opi Np (and 2p), others

- And low energy excess

Also analysis and simulation improvements are underway to
reduce uncertainties - so stay tuned!

S —— - — = = — ——
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https://www-microboone.fnal.gov/publications/publicnotes/MICROBOONE-NOTE-1018-PUB.pdf
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Data taking
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17} Flash > 50 PE

Fractional Flash Count per 0.15 us
with respect to Cosmic Background

N Measured Cosmic Rate (Beam-Off)
¢ BNB Trigger Data (Beam-On) [4.51E18 POT)

1.6 MicroBooNE Preliminary

Boocter Neutrino Beam (ENB)

J | 5 ]

N

Time with respect to the BNB Trigger Time [;s]

Fractional Flash Count per 05 us
with respect to Cosmic Background

Flash > 50 PE

N Measured Cosmic Rate (Beam OfT
& NuMI Trigger Data (Beam-On) [4.83E18 POT]

MicroBooNE Preliminary

o | * 9

o TTesle o1 Lel NuMl Neutrino Beam

) 10 15 2
Time with respect to the NuMI Trigger Time [s]

multi-PMT coincidences (“flashes”)

* Prompt scintillation light detected by the

optical system and used as trigger to
determine the beam spill period

* The duration of the beam spills is only a
fraction of the e- drift time (~2.3ms) and

additional activity is recorded during

drift time window due to cosmic rays

MicroBooNE public note 1002
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Lorena Escudero, MicroBooNE, EPS

Run 1147 Event 0. August 6'" 2015 16:59

-
-
et LS

uBooNE


https://www-microboone.fnal.gov/publications/publicnotes/MICROBOONE-NOTE-1002-PUB.pdf

Electron drift and purity

- Long time for electrons to drift from cathode to anode (~2.3 ms)
- High-purity LAr is essential for a LArTPC operation

Main electronegative
contaminants: Oz & H20

- Removed:
« Gasesous purge (April 2015)

MicroBooNE public note 1003

MicroBooNE Volume Exchanges
5 6 7 8 9 10

* LAr purification (July 2015) & 'F-7 T T T T T
» Monitored: G 0.9 :
- Gas analyzers % oms <

* Purity monitors (measuring 07E
drift time of e- between their  os T L ' B =
cathodes and anodes) 0.5 =
- 3ms =
04_'-. H-H- BB -i-§-5 8-5-3-3 5-5-5-B 5 5-0-BB-E-H-B- B E-B-B- B E-B-B-8-E-E-B- 8 -E]

Within 3 weeks from start of |,

design requirement

I

filtration, surpassed design .- tyy, = 2-82 ms E
expectation and achieved 0.1 . i " =
>= 6ms e- drift lifetime, NI T Bl Lol Ay b v R

. . i, 12 14 16 18 20 22 24 26
maintained since then Days from Start of Filtration
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Front-end ASIC inherent noise reduced with Example of Excess Noise

2 BAREE LEAEE BEAEAE | T T T |

operation in cold 100 oo -
- U plane channels S
TPC excess noise -~ ]
. . g 7 a ?odc =V Harmonic Noiac 900 kHz Burst Noise
* Coherent noise: induced by the low-voltage £ 100 /) -
regulators 2 5
* Harmonic noise: induced by the cathode %
high-voltage power supply (appearing at odd 1078 -
harmonics of its ripple frequency 36kHz) [ LV Reguatorotes T
* Burst noise at 900kHz, source not confirmed e
yet (suspected PMT HYV supply or interlock MicroBooNE
system power supply) s  Noise-filtering ™™
- 1 — Y Pane, Raw
. . o 0 — —— U Plane, Noise-filtered
With hardware upgrades in = —— VPane, Noise-itersd
summer 2016 (for coherent and > b ¥ Pt ke e
harmonic noise) and noise-filtering, £ o2 | signal/noise ~40
: . : 2 [ & (collection plane)
greatly improved ratio sighal/noise < oob i
i
01 '
Important LAr R&D results! B
O 10 S TR

Angle-Corrected PENR (Peak Signal-to-Noise Ratio)

.l.l.l.l

.l.l.l‘.l‘.llllllll.’l.l.

arxiv:hep-ex/1705.07341 (submitted to JINST)

Lorena Escudero, MicroBooNE, EPS
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% Signal processing and hit reconstruction

MicroBooNE public note 1017 MicroBooNE Preliminary

After noise removal After deconvolution techniques

After noise filtering, we want to
convert the raw digitized TPC
waveform to the number of
ionized electrons

002

£
o
ADC Waveform with 20 MicroBooNE Wire Plane Model 4
80 Jwire Q
—_— V-wire £
—  Yewire = ~30K00
4
;‘; AU
8 Garfield 20 calculabor
T 20l [mespend cular lire saurral
"
: 1t 1 v ¥ ™™ M N VvV e
: AT
.2 Q —— — r 1““ -
y r ¥ ' L - 4 40200
: L
-20 ’JJ wire (33 cm) wire wirp
L Example event in first induction plane

"0 10 20 30 ac 50
Sample Ume s

Deconvolution techniques to remove the
impact of field and electronics response

Hit finding: find regions with a wire waveform above a threshold at a definite drift time, calculate
deposited charge corresponding to the hits found, and input them to the pattern recognition

S ———
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charge effects
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MicroBooNE public note 1018
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Predicted/measured SCE spatial distortions
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Space charge effect
* due to build-up of positive Ar ions * Start/end point of reconstructed tracks in
(slow-moving)

* can impact the drift electric field

Measuring it with

the TPC for MIPs (cosmics) tagged by the
Muon Cosmic Stack in off-beam data

* and lead to spatial variations of the * Laser calibration system (UV laser) can
amount of recombination
* thus distorting tracks

Lorena Escudero, MicroBooNE, EPS
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produce a useful sample as well
* Detailed calibration is on its way!
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New Cosmic Ray Tagger providing
external cosmic ray tagging system to
MicrobooNE installed and fully
operational since March 2017

Composed of 73 individual modules,

proving 85% coverage

* Plastic scintillator strips readout by 2 WLS fibres
and SiPMs (2 xy layers)

* Custom designed electronics for digitization and
triggering (now licensed to CAEN) with ~ns
timing precision

Made in-house at Bern University
MDPI paper (Instruments 2017, 1, 2.)

— - — =
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Momentum reconstruction

Methods of momentum reconstruction in MicroBooNF

For contained muons:
* Range-based
* Calorimetric

For contained and exiting muons
* Multiple Coulomb scattering

JINST 12 (2017) no.10, P10010
https://arxiv.org/abs/1703.06187

The majority of BNB muons in MicroBooNE is exiting!

\
L et The spread of
— deflection angles
along a track
depends on the
particle’s momentum
y

Anne Schukraft | Fermilab

MCS Momentum [GeV/c]

MCS Momentum [GeV/c]
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Vu CC interactions

Simulated v, CC events

Cross section measurements are crucial for

@ Sl OT e Wrobeshtl St ety oscillation analyses (currently the dominant
: e ex systematic error e.g. T2K, NOvVA)
® 000~ RES, 27%
& | B COv, 0.3o%
‘§mi o e Moving towards LArTPC detectors (SBN,
g | DUNE) but not many measurements
© 00 (only ArgoNeuT, high energy)
i

1 15 2 25 3
True Neutrino Energy (GeV)

~ )
CC inclusive CC Np &CC 2p
Simple signal definition, Provides test of different models (MEC, RES,
minimal model dependency but also FSI and short range correlations)
Relatively insensitive to Shows reliable particle ID and calorimetric
hadronic final states reconstruction
Pro: high stats (anything with a muon) Pro: very little cosmic contamination
Con: cosmic ray contamination Con: few stats )

S ——— =
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E
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2
D 5 ,
2 3 _
0.5 “ 05 Q4 05
5 ae
4.8 -1 Rt -1
) : 25 o 0E 0 15 2 25
X [m) X |m) Xm) X [m)
ignre 4: Mlnstration of the simulated effects of space charge on the drift electric field @ 5: Hlustration of the simulated effects of space charge on the distortions in re-
in the MicroBaoNE TPC, as described in See. 5. Results are shown for the constructed fonization electron cluster position in the MicrcBooNE TPC, as
effect in & (top row), y (middle row), and z (bottom row). The electric field described in Sec. 3. Resalts are shawn for the effect inx (tap row), » (middle
distortions are normalized to the nominal drift electric field magritude (£y) row). and 2 (bottom row). The distortions in reconstructed ionization electron

cluster position are shown in units of em and are plotted as a fanction of the
true position in the TPC. Sunulaticn results are shown both for a contral slice
in z (lefll colummn) and for a slice in 2z closer W the end of the TPC, z = 10 ¢
(right colminn).

of 273 V/em and are plotted as & function of the true position in the TPC.
Simulation results are shown both for a central slice in z (left column) and for
a slice in 2 closer to the end of the TPC, z — 10 cm (right column).



Detector Systematics

We generated MC samples
for each one of these
detector parameters and
recalculated the cross

section for each: om.

The uncertainty has then

been evaluated as:

det — Cv n (oY) m
£§et=3 (o =) (o7 ~0")

m

Systematic Sample

: Relative
. Uncertainty [%)]

Induced Charge Effect

Light Yield Model

Misconfigured Channels

Longitudinal Diffusion

Electron Recombination

Detector Response Relative Uncertainty on Total Cross Section: 16%

;IB()()NE

o9

Marco Del Tutto =@
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Summary of Systematics

Source of Uncertainty Relative Uncertainty

® Described previously Beam Flux | 122 ¢
Cross Section Modelling® 3.9 &
’ lmproved reconstruction ..........................................................................................................................................................
. Detector Response 16.2 <
and COSMIC ray tagQEr e
will mitigate this ___POTCounting | 20
background Dirt Background 10.9 &
& It will be reduced when . Cosmms(Corsuka) .............................................. 41 ..................... ‘ .......
we switch to a neutrino Cosmlc(data) ____________________________________________________ 07 _________________________________
simulation with cosmic MC Statistics 0.2
data overlaid Stat 1.4
Total 23.8

) Includes an additional uncertainty on MEC interactions (1.5%)

Marco Del Tutto =&
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Cross Section Measurement

> 15k T f ~
(2 . O 25
T | MicroBooNE 1.6e20 POT % | MicroBooNE 1.6e20 POT
s [ — GENIE v2.12.2 + Emp. MEC = L —GENIEv2.12.2 + Emp. MEC
3 L ---GENIE v3.00.04 G1810a0211a —~ I -- GENIE v3.00.04 G1810a0211a [
N {- — GiBUU 2019 8. | — GiBUU 2019
= | — NuWro 19.02.1 S 1sf  —NuWro19.02.1 |
g ) | 1 Data (Stat. @ Syst. Unc.) 3 ¥ i Data (Stat. ® Syst. Unc.) [
gL ¢ | T
= 05 2 1 -+
| - | 1
4] o S N I A AP o:ﬂ ey —— ' v .
0 05 1 15 2 5 X 05 0 0.5 1
P [Ge\?] cos(67°)
Model Element : GENIE v2 + MEC GENIE v3 NuWro GiBUU
: (v2.12.2) | (v3.00.04 G1810a0211a) (19.02.1) 5 (2019)
Nuclear Model Bodek-Ritchie Fermi Local Fermi Local Fermi . Consistent nuclear medium
__________________________ Gastn . Gasiza - Gasiz3 .......i corrections throughout. Also
Quasi-elastic Llewellyn-Smith [4] : Nieves [2, 3] ; Nieves [2, 3] . uses a LFG model for
MEC Empirical 5) i  Nieves[2,3 Nieves [2, 3] . nucleon momenta, a
B ------------- Sh|( separate MEC model [11),
: : . berger->egha ion -
Resonant Rein-Seghal [6) : Berger-Seghal (7] gd ct'g f[7] pq) . and propagates final state
R WO T - production from [9) particles according to the
Coherent Rein-Seghal (6] | Berger-Seghal(71 |  Berger-Seghal 7] Boltzmann-Uehling-
FS hA (8] . hA2018(8] Oset [10] i Unlenbeck equations [11]
M Del Tutt P 4
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Binning for the double-differential cross section measurement:

42 bins In total MicroBooNE
2.5
2 S
- 32 | 37 |42
: 5 10 15 19 23 27
< 1.5
‘D i
Q) i
.
Q-:»’. 1_ 31 | 36 |41
- 4 9 14 18 22 26 30 35 140
0.5
B 3 8 13 17 21 25 29 | 34 |39
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Cross Section Measurement
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Cross Section Measurement

E_: 0.4F -1.00 = cos(6/°) <-0.50 %F °e 0. Model s cos(0™) < 0.27
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The large x2 is mostly driven by the high-momentum bins in the most forward-

going muon angular bins of 0.94 < cos(0) < 1 and 0.86 = cos 0 < 0.94.
The tension is reduced for GENIE v3, NuWro and GiBUU.
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The reduced tension originates from the overall reduced cross section in the

forward region when adopting the Local Fermi Gas nuclear initial state.

To a lesser extent also from the RPA correction as included

in the Genie v3 and NuWro predictions.



‘using Pandora reconstruction
* H !
Notes: analysis

done with 5x101°
POT.

Using collection
plane only for now.
Proton candidates
are required to be
contained.

Proton momentum
threshold due to
method (at least 5
hits)

v Clinclusive

at least 2 tracks

proton candidates are
contained

each track has atleast > hits
in collection |)|:lnc

I)II) - \ir'4:!4;71//,'(1()f - Z(

Proof of the important | _
vork performed on (fully) ;
calibration and ’
recombination studies
(paper coming this
summer)

_ — = e
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See talk at NuINT 2018 by Raquel Castillo here
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Vu CC Np and 2p
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See talk at NulNT 2018 by Raguel Castillo here

GENIE Alternative
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CC piO cross section: w, wire position

Distinguishing between : .
: - Provides measurement/
electrons and photons is . . . : |
: analysis tools to identify piO © dsift vosition )
extremely important for . dnift pe )
. . : gammas, background for ve
MicroBooNE to achieve its e : SR
. = PI0 invariant mass to cross y2 |
physics goals and f..
: : . . check EM energy scale L
investigate the MiniBooNE . Vi
- Measurement sensitive to /o
low energy excess : ..
pion absorption in Ar p
ThIS analySIS uses a 1Mic:ro!!ooNtI Simulation Preliminary v, +Ar = p+(1 x- )+ X
combination of geometric, ~ Efficiency
Sub-Leading Showe L gy

PMT and containment cuts
to eliminate cosmic
contamination.

Fraction of Showers Per Bin

The reconstruction uses
Pandora output, then
OpenCV for reclustering of 805 = e O A

- i i 050100150200250300350400450500
shower-like hits in the event D e Shamer Cearay (Mev,

See talk at NUINT 2018 by Joel Mousseau here
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Photon Shower Reconstruction Efficiency
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Single photon selection
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Two photon selection
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https://www-microboone.fnal.gov/publications/publicnotes/MICROBOONE-NOTE-1018-PUB.pdf

Pandora is an open project and new contributors would be extremely welcome.

> Pandora Pattern Recognition

We'd love to hear from you and we will always try to answer your questions.

Pandora SDK Development

LAr TPC algorithm development

DUNE FD Integration
ProtoDUNE Integration

MicroBooNE Integration

Other team members

O https://aithub.com/PandoraPFA
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