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The Challenges...

Reduce systematics to ~1%.
- Understand nuclear effects

- Cross sections.
Understand neutrino scattering events.

- Distinguish neutrino/neutron and neutrino/proton
signals.

Background reduction improvements.
Event rate.
Feedback into models... 8¢P£ 0 — Leptogenesis?
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Lar TPCs: A History Lesson

49 Years ago: November 13 1970 — World’s first observation
of neutino in a hydrogen bubble chamber at Argonne.
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Lar TPCs: A History Lesson

42 Years ago: in 1977 Carlo Rubbia proposes a TPC based on LAr to
be both the neutrino target and detection medium. Many advantages:

High wvoltaoge plaone
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C. Rubbia,”The Liquid Argon Time Projection
Chamber: A New Concept”, 1977, CERN-EP-INT-77-08.

* High density
- 1.395 g/cms.

* Long drift times for
ely separation.

e High electron mobility
(500 m2/Vs).

e Argon cheaply/readily available

- liquefaction from air,

- can be liquefied by liquid
nitrogen.

e Charge, scintillation light and
Cherenkov light readout
possible.
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Wire number =
LAr TPC for VS %ifff. Tepsuen '\-:|
Large, continuous, fully active volume. | gufw. :
+ High density i St
- high interaction probability, o wm w w w w w
— higher statistics for same exposure. LT: .t Sl S eip “'
 High ionization and scintillation yield g o ey . T o
and high transparency 3 e B _I
" - low detection thresholds, higher detecton =~ ]
Eﬁ|C|ency e 150 1900 1350 . }|::|_:|- 250 2100 2150 :l
* Relatively inexpensive S I A s
- scalable to larger and larger sizes. : “E f/;‘ e ¥ERdecay: Y §
—  Simulated Electron Candidates | E .13;;.— \é’-_-é—”“’ .” _:Ig
1 — Simulated Gammas 200E . . ) . . T )
_r_ I et | MicroBooNE Simulation
| « High digitization rates, segmentation
ArgoNeuT, - high position and dE/dx resolution,

Phys. Rev. D
95, 072005
(2017)

« Better particle identification
- Single e indistinguishable from single
y in traditional, Cherenkov detectors.

o
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The Birth of the LAr TPC
Experimental v Landscape

e X\
o § 82 - Ey=24%1 GeV e.m. shower
" |ICARUS T —- e _
' anl e st ! single pAfp track
G A § DT R 62'cm

Pidneered the use of

LArTPCs for neutrino - ="~ " -
detection t CNGS v, CC event: high energy CC electron
: & highly ionizating proton, from the main v

<— 45cm —»>

760 ton LArTPC detector.  Veex

L Inside t \

Long Baseline 730 km
- CERN to Gran Sasso. s
Data taking 2010 — 2013.

Moved to Fermilab in 2017
to join the short baseline
programme and the hunt
for sterile neutrinos.
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The Birth of the LAr TPC
Experimental v Landscape | =Y

< ArgoNeuT detector.

N | ArgoNeuT event: Wire
' Y\ i Num(x) Vs Time (y)

ArgoNeuT QZ

Small LArTPC experiment
based at Fermilab.

Data taking until 2010 and
analysis ongoing.

Energy resolution 0.1 to 10
GeV.

First data for low energy
neutrino interactions within
a LArTPC.

Essential testbed for large
scale LArTPCs.

Coﬂoqu'iilm Towards CP violation in neutrino Physics




The LAr TPC Experimental Neutrino
Landscape Today

" Fermilab Short Baseline
Programme:

- ICARUS T600.

- SBND (Short Baseline Near
detector).

- MicroBooNE.
See Talk by C. Touramanis

~ today at 15:00.
" DUNE

- Long baseline 1300 km.
— 40,000 ton LAr far Detector.

— Under construction, data taking
begins 2026.

- See Talk by S. Soldner-
BN Rembold tomorrow at 9:30.

. Mehssa Uchlda

MicroBooNE

- 1stlarge LArTPC to acquire
high stats sample of neutrino
Interactions.

- 170 ton LArTPC at 470m
baseline.

- — Taking data since 2015.

ProtoDUNE

- DUNE R+D Experiment operatlng
at CERN.
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MicroBooNE:  Adding a sterile neutrino to the
Standard Model is the simplest

The MOtivathn extension BSM.
* Theory remains anomaly free.
LOow-energy excess =

/ s : e EXciting:
new “sterile” neutrino? J

— Can give origin to neutrino
: b V) masses and explain their
o (m,)—— smallness (at least in some

cases).
— Could explain matter assymetry.

— Sterile neutrinos with KeV
masses are a favorite Warm DM
candidate.

mv. * BUT MiniBooNE's result is in

= tension with global 3+1 model

O fits.
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MicroBooN
 Why MicrobooNE:

- Same beam, similar oscillation parameters as MiniBooNE but new
detector technology.

- Identification of e/y is much improved.

» 85 ton active volume Liquid Argon Time Projection Chamber
with 470m baseline. v,—v, appearance experiment.

\ .
_* > 95% detector uptime.
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- Anode planes:
ICTOBO0O0 vy

< Detector 170
tons (87 active).

— TPC drift volume.

ve 9 v,,l

-
i}

"~ 25m

o 3 wire plahes (8,256 wires):

- 0°, £60° from vertical, 3 mm wire separation.

e 2.5m drift length (~2 ms drift time with 70 kV on
cathode).

« 32 PMT'’s, for t,/drift coordinate determination,and
triggering for empty neutrino beam spill rejection.

» Surrounded by cosmic veto.
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LArTPC: A high-resolution 3D
_camera for lonizing particles

‘ Eficlq
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LArTPC: A high-resolution 3D

/ ///c}amera for ionizing particles
///
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LAr high-r
. camera for ionizing particles

Run 3469 Event 28734, October 21%, 2015 [ —— = e i T Run 3469 Event 28734, October 21°%, 2015




Pattern Recognltlon

* To fully exploit these rich images,
we need to be able to identify the
particles and their relationships

 Human brain excels at recognising
patterns - but the development of
an automated, algorithmic solution
poses a significant challenge!
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Drift time (common to all planes)

A cartoon LArTPC pattern recognition problem
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Pandora Pattern Recognltlon

 To fully exploit these rich images, ;
we need to be able to identify the - OND
. > - 3 : ’ﬁ'- B
particles and their relationships e HB00
4 e "o : Er':'fhfg
« Human brain excels at recognising /‘m\/

- interaction

patterns - but the development of - Vertex U plane

an automated, algorithmic solution _parent.-Daughter link

poses a significant challenge! \/\dﬂineshhrarch?

( Hits
= Pixels

Wire position

V plane

2D Clusters

-y

_ § . : Each colour
[ Interactlnn } Particles [ 3D ] | represents a
5, A

Vertices Trajectories different particle

Hierarchies | W plane

%, A

G Drift time (common to all planes)
T:EN: -‘\E A cartoon LArTPC pattern recognition problem

Event data model Understanding of the event
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Pandora

* General purpose open-source framework for pattern recognition

* |nitially used for future linear collider experiments, now used
primarily for LArTPC experiments!

5

CAMBRIDGE WARWICK

Lancaster
University

%% UNIVERSITY OF vy

uBooNE (\

e
NEUTRINO
I' GitHub Software : MBoONE Algorithms
4 R - development kit
{ _ epository Eur.Phys.J. Eur.Phys.J.
4 github.com/PandoraPFA C75(2015) n0.9, 439 C78(2018) no.1, 82

SRR
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The Pandora multi-algorithm Approach

» Break the problem up into smaller e Iteration is used to allow 2-way
well defined tasks and develop Information flow between
targeted algorithms for each task algorithms

- E.g. Cluster together two hits if ...

.
Algorithms update [ Algorithm A J

our current
:N%N: [ Algorithm Wunderstanding of
‘the event by

modifying the

- event data :
Information-Flow l dE{ J Information
) Flow

 Algorithm complexity varies from
simple cuts up to more advanced
machine learning techniques.

~

[ Algorithm B J

« The application runs many

algorithms (for MicroBooNE ~100)
to gradually build our * Provides powerful feedback loops &

understanding until a complete - a technique that Pandora
picture of the event develops. frequently utilizes.
i Melissa Uchida Colloquium Towards CP violation in neutrino Physics
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Pandora s alrlthms for MicroBooNE

Vertex finding
using SVMs

/ 2D clustering

Matching clusters between views

o i
Vertex /
U plane ™. :

candidates Candidate
cluster split

V I3|ane \—/
! | !

Final result
V
i o

Electromagnetic showers

Protected track Candidate shower 1"')

— Neutrino interaction vertex clusters branchers S A

Simulated unresponsive channels /\ Candlda_te /’ =

/ shower spines )

¢ —— (@)

(AR

(¢b}

' =
s = >

g Simulation Neutrino interaction vertex Drift Time
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Off-axis NuMI Flux
at MicroBooNE
Anti-Neutrino Mode

Off-axis NuMI Flux
at MicroBooNE
Neutrino Mode

®(v) /50 MeV / cm? / 6x10°° POT

®(v) /50 MeV / cm? / 6x10%° POT

—
o
=
T
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1.6e?° POT = current unblinded data.

MicroBooONE total expected on-beam data =
13.2e*° POT!
Data taking began 2015.

Melissa Uchida Colloquium Towards CP violation in neutrino Physics
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I\/IlcroBooNE Flrst Cross-Section |
Measurement

* First Measurement of Inclusive Muon Neutrino
~  Charged Current Differential Cross Sections on |
~ Argon at 0.8 GeV completed 2019!

» 1.6x1020POT, after applying data quality cuts @
- ~4 months data Feb — July 2016

* On-beam (beam on) and off-beam (cosmics |
only) data used for analysis. N\

- MicroBooNE is a ground level detector.
 Final event selection contains 27,200 events.

é
d
?
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Charge-Current Muon Events

MicroBooME 1.6e+20 POT a00 MicroBooME 1.6e+20 POT

N Muon, 867 B Mucn, 86
B Froton, 6.1% B Froton, 6.1%
I Ficn, 3.97%: B Fion. 3.9%
Phaoton, 0589 Phaoton, 0.58%
I Elsction, 0.04% I Elsction, 0.04%
I Cther, 3.1% I Cther, 3.1%
MC Stat Unc. MG Stat Uine.
—4— [Data (Bsam-on - Baam-off] —4— Diata (Beam-on - Beam-off}

50 100 20 a0 _ 100 120 140
Candidate Track <dCQidx=__ [e/cm] Candidate Track <dQidx=, . [2/cm]

e Muon / proton separation to identify CC event topologies
using truncated dQ/dx.

» Plots show the truncated average charge loss per unit
length dQ/dx for the muon candidate track in the
selection.

e Proton tracks populate regions of higher values of dQ/dx.

i Melissa Uchida Colloquium Towards CP violation in neutrino Physics
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Backgrounds and Systematics

--Final event distribution for

- MicroBooNE 1.6e+2

Selected Events

- e the analysis event selection.

v, CC, 0.44%
NC, 1.6%

— e — Muon momentum.

I Cosmic, 6.3%
] Data (Beam-off), 29%

e B Gam-on, s, ony) - red histogram = signal events. |
Other colors = beam related
and cosmic backgrounds.

- Blue shaded histogram shows |

pure cosmic event bckgrd
(estimated from off-beam

data).

Source of uncertainty

Relative uncertainty (%] ~ Ratio plot shows data/MC

Beam flux
Cross section modeling
Detector response
Dirt background
! Cosmic ray background
MC statistics

12.4
3.9
16.2

09 < Contributions to the total

4.2

0.2 Cross section systematic

Statistics

1.4

Total

238 uncertainty.

Melissa Uchida
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MicroBooNE Single Differential
Cross Section

wrt the beam direction cos As func of muon momentum p

—_
[®2]

—
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MicroBooNE 1.6e20 POT

— GENIE v2.12.2 + Emp. MEC
--.GENIE v3.00.04 G1810a0211a
— GiBUU 2019
— NuWro 19.02.1

I Data (Stat. @ Syst. Unc.)

MicroBooNE 1.6e20 POT

— GENIE v2.12.2 + Emp. MEC
--.GENIE v3.00.04 G1810a0211a
— GiBUU 2019
— NuWro 19.02.1

I Data (Stat. @ Syst. Unc.)

—

u

do/dp™° [10% cm?/GeV]
o

____i.___-

ﬁl_"

0.5 1
cos(6;*)

3

| T |

7 7 75
pLeco [Gevﬁ

AN

o

The black points show the MicroBooNE measurement with total
uncertainty (outer error bar) and statistical uncertainty (inner error bar).

The result is compared to model predictions from GENIE v2.12.2 +
Empirical MEC, GENIE v3.00.04 G1810a0211a, GiBUU 2019 and
NuWro 19.02.1.
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BooNE double Differential Xsec Vs muon momentum p,
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MicroBooNE 1.6e20 POT

— GENIEV2122 + Em% MEC
—— GENIE Default CC Q

- GENIE Default CC MEC
— GENIE Default CC BES
—— GENIE Default CC DIS

= Data (Stat. @ Syst. Unc.)
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Panels show slices of measured muon angle wrt beam direction cos6,..
Compared to model predictions from GENIE v2.12.2 + Empirical MEC.
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-1.00 = cos(87*) <-0.50

MicroBooNE 1.6e20 POT

— GENIEV2122 + Em% MEC
— GENIE Default CC Q

—— GENIE Default CC MEC
—— GENIE Default CC RES
—— GENIE Default CC DIS

% Data (Stat. @ Syst. Unc.)
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Largest diéagreement In high-momentum, most forward-going
muon angular bins of 0.94< cosB <1 & 0.86 < cos6,<0.94.
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The total flux integrated cross section Is
measured by MicroBooNE to be

, Better agreement with models containing ;

more complete treatment of quasielastic
scattering processes at low Q2.

https://arxiv.org/pdf/1905.09694.pdf
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“mEE MicroBooNE LEE Analysis

Simulated v, distributions in MicroBooNE as a function

of reconstructed neutrino energy.

All backgrounds shown,
N ~ MicroBooNE, 1.32e+21 POT (470m) BEu v, only muon proximity and

- Signal: =0. 2 si =0. K -y, .
0= Sosiontnoramony 0 =K'= | dE/dx cuts used to reject
=vcc | C€OsSmogenic backgrounds.
;gﬂmfcs
— Signal

S
8
T | T

Events / GeV
2

Oscillation signal events for
the best-fit 3+1 oscillation
parameters from Kopp et al.
05 1 15 2 25 3 (arXiv:1303.3011) indicated

4 Reconstructed Energy (GeV) by the white (top) histogram.
% » Assumed v, recon efficiency of 80%, mis-id from

? photons of 6%, of events passing a topological cut.

i Melissa Uchida Colloquium Towards CP violation in neutrino Physics 30 '
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See Talk by S. Soldner-Rembold
tomorrow at 9:30.

« Massive far detector: 4x10 kton Liquid Argon TPCs at Sanford South Dakota.
Neutrino beam: 1.2-2.3MW at Fermilab.

* Very long baseline of 1300 km (increasing the matter effects).
« Measure d°P to 1-2% systematic error — Discover if neutrinos violate CP.
Finally determine the neutrino mass hierarchy.

Search for nucleon decay, e.g. p*— K* + v.

Be ready to detect low-energy neutrinos from a core-collapse supernova.

Search for Beyond Standard Model physics, e.g. sterile neutrinos, heavy
neutral leptons, large extra dimensions, non-standard interactions.

Under construction.
Data taking begins 2026!

Sanford Underground

Research Facility Fermilab

NEUTRINO
PRODUCTION

‘_’_:':_;"'__: - _
e v [Eas
. L
DETEGTOR

L UNDERGROUND
PARTICLE DETECTOR
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Summary

» Significant challenges exist to answering the next big questions Iin
neutrino physics including CP violation.

 LAr TPCs are an excellent way to meet these challenges. Higher
density, charge and light collection, high position and dE/dx
resolution etc. |

e LarTPCs Iin use across neutrino physics.

|
 MicroBooNE aims to understand the low-energy excess of
neutrinosobserved at LSND and MiniBooNE and make vital neutrino
Cross section measurements.

- 170 (87) ton Lar TPC at FNAL in MiniBooNE beam.

| - First measurements of inclusive v, CC differential cross Sections on Argon
' at 0.8 GeV this year.

- Low-energy excess measurements coming.
- Ideal testbed for future DUNE experiment.

e Pandora multi-algorithm machine learning software framework is
used by most LArTPC experiments and growing daily.

Melissa Uchida Colloquium Towards CP violation in neutrino Physics B2 8
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