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experimenis: NOvA, MINOS+ and DUNE
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‘Questicry in Neutrino Phuyaics o

. 1
There are probes on neutrino masses

from cosmology and Ovgp

The may constrain the
absolute mass scale and has implications
to the Majorana nature of neutrinos

Sin2(923
S :
P(\/u —’VIJ) sin®63
Precision measurements of 02s.
The has large impact on

model building and other parameters.

P(Vp — Ve)
Measuring though - has 107
implications in Leptogenesis and

matter-antimatter asymmetry
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Neutrino Oacillationa PMINS MATRIX
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described by the PMNS matrix. U * U Us) |vs
FLAVOR MASS
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)\, — Vv
Vo ~* Vg v (t)) = e ""*r;(0)) Vo P Vg8
VO" Vo(, Vo(, \ VO(' VOL VO(«
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o, > Goal: determine the PMNS
P(ve — vg)= Z UﬂiU;ie_zm"'L/ 2E parameters via oscillation probabilities.

OSCILLATION PARAMETERS Measurable: A count or energy
spectrum of each neutrino flavor.
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‘Neutrino ‘Oscillation {Inalyases
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Neutrino ‘Oacillation {Inalyses
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‘Neutrino ‘Oacillations

P(vq = vg)= Z UgiU;ie_im%L/QE

OSCILLATION PARAMETERS

The choice of L/E (Baseline in km/E, in GeV) determines which
sector of parameters can be measured with higher precision.

1 costs sinf3e~ " costlio  sinbio
U= costlrs  sinbos 1 —sinbio  cosbo
—sinbos  cosbos —sinf,ze cosb)
Atmospheric Reactor & Accelerator Solar
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‘Phyaics at long Baselines

Maiter ¢ffects become more important
at longer baselines. Thus, this affects
the normal and inverted hierarchy cases
differently.
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‘Phyaics at long Baselines

Maiter ¢ffects become more important
at longer baselines. Thus, this affects

the normal and inverted hierarchy cases
differently.
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Research -
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We produce a
beam of mostly v,
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v EXPERIMENTS
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Havor Identification
Neutrino interactions are flavor

conserving, thus, they can be identified
from the outgoing lepton. \x

Unless, of course, it is also a neutrino. NEUTRAL CURRENT INTERACTIONS

CHARGED GURRENT INTERACTIONS
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NuMT Off-axis ve ﬁppearance

Study ve appearance and Vyu

8 disappearance in v and v modes.
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cvent Selection & ‘Reconatruction

Using traditional reconstruction for Vi identification

CONVOLUTION
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A convolutional neural network neutrino event classifier 2016 JINST 11 P09001
A. Aurisano, A. Radovic, D. Rocco, A. Himmel, M.D. Messier, E. Niner, G. Pawloski, F. Psihas, A. Sousa and P.
Vahle
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Machine 1earning in HEP

Machine learning, especially deep learning
applications are being explored in HEP
experiments across the board.

New resources are available
for the community to learn
about machine learning,
interface with industry and
try new implementations.

12/06/16

Deep learning takes on physics
Can the same type of technology
Facebook uses to recognize faces also
recognize particles?

Fernanda ‘Psthas

Psihas,
DS@HEP 2017

Symmetry
December 2016
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CaloGAN: Simulating 3D High Energy Particle Showers in Multi-Layer

Electromagnetic Calorimeters with Generative Adversarial Networks

Michela Paganini, Luke de Oliveira, Benjamin Nachman
(Submitted on 5 May 2017)
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P Deep learning in color: towards automated quark/gluon jet
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04t Patrick T. Komiske, Eric M. Metodiev, Matthew D. Schwartz
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NEXT Collaboration: J. Renner, A. Farbin, J. Mufioz Vidal, J.M. Benlloch-Rodriguez, A. Botas, P. Ferrario, J.J.

Convolutional Neural Networks Applied to Neutrino Events in a Liquid
Argon Time Projection Chamber

MicroBooNE collaboration: R. Acciarri, C. Adams, R. An, J. Asaadi, M. Auger, L. Bagby, B. Baller, G. Barr, M. Bass,

MicroBooNE
Simulation + Data Overlay
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https://indico.fnal.gov/contributionDisplay.py?contribId=56&confId=13497
http://machinelearning.fnal.gov/
http://www.symmetrymagazine.org/article/deep-learning-takes-on-physics

cvent Selection & Reconatruction

NOvVA's implementation of Convolutional Neural Networks CNNs for
|dentification represented a 30% effective increase in exposure.

NOvVA's 2016 ve appearance analysis was the
first implementation of convolutional neural networks in a HEP result

Using deep learning for Ve event identification

A convolutional neural network neutrino event classifier 2016 JINST 11 P09001 -
A. Aurisano, A. Radovic, D. Rocco, A. Himmel, M.D. Messier, E. Niner, G. Pawloski, F. Psihas, A. Sousa and P. R p———
Vahle p—

Fernanda Psihas RADPyC - May 2017
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NOv{ Reaults

TFrom Neutrinc2016, now PRI

Measurement of the neutrino mixing angle 623 in NOVA

PhysRevLett.118.151802

Constraints on oscillation parameters from ve appearance _

and vl disappearance in NOvA  arXiv:1703.03328

Best fit points:

ocp = 1.4811 Normal Hierarchy
ocp = 0.7411 Inverted Hierarchy

Sin2023 = 0.404 Normal Hierarchy
Sin2023 = 0.623 Inverted Hierarchy

Inverted Hierarchy at lower octant is
disfavored at ~2 o

Maximal mixing excluded at 2.6 o
significance.
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MINOS+

Looking for the same oscillations
channels, now in the NOvA beam

Using the existing MINOS detectors

MINOS
arXiv:1703.04471

'MINOS, MINOS* __ g0 ¢ L — 90% C.L
combined analysis o o

" 7777 .. MINOS+ Preliminary _.c"T % T

Normgl r]ierlarcl:hyl o o
0.3 0.4 0.5 0.6 0.7
sin“0
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>
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MINOS+ run ended in
2016 year

Improved results of
oscillation analysis

Sterile searches
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‘Deep ‘Underground Neutrino Oxperiment

Optimized 1.2 MW beam at Fermilab
upgradable to 2.4 MW

40 kT fiducial volume (Far Detector)
underground at South Dakota

Run 3493 Event 41075, October 23*%, 2015
70 cm : .

Large R&D program for LAr-TPC technology, linked to SBL at Fermilab

Construction planned for 2026 - Current R&D Effort in ProtoDUNE building
now for test beam at CERN - '(\ =

Sanford
Underground
Research P W N
Facility -2222225 0

Fermilab




FUTURE SENSTTTVITIES

NOVA will add ~50% statistics to the 2016

analyses this year and will include

antineutrino data for the 2018 analyses.

Normal §,=3n/2, sin®0,,=0.625
Am3,=2.5x10°eV?, sin’0, =0.022

Under these assumptions, 5 O is reachable
for mass hierarchy determination by 2022

DUNE CDR shows 5 o sensitivity for the 1

CP phase at 300 kt-MW-year
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Neutrino Energy (GeV)

Neutrino Energy (GeV)
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MINOo+

Ran from 2013 to 2016 on NOvA's NuMI beam.

Higher energy beam allows MINOS+ to probe oscillations to sterile
neutrinos at higher sensitivity.

New results and combination with MINOS, Daya Bay and Bugey were
shown at Fermilab just a few weeks ago.
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NOuv(l 3+1 NC

Oscillations from active to sterile neutrinos

are measured in NC disappearance analysis.

First result is competitive with existing
measurements. Improved analysis with 50%
more statistics is in the workings.

1

1-Py, »vs) =~ 1— 5 cos? 014 cos? 034 sin? 20,4

Events / 0.25 GeV

+Asin? A3; — Bsin 2A31,

NOVA Preliminary

40 i
NOVA Preliminary - NOVA 6.05x10% POT-equiv.
: T T | T T ! : : Amgz = 2.44)(1 0'3 evz
[ —¢— FD Data ] L 9..=85° 0. =45°
b ____ Total Prediction — 30 i 132 D 232
B —— Stat. and Syst. Uncert.  _ Amy, = 0.5eV
- —— —— NC Prediction 1 ~ :
20 - v, CC Background -1 D
n -t v, CC Background . 8 20 __
B Cosmic Background 4 ~ -
15 L A 2 -3 2 ] <
| m32 = 244X1O eV 7 ®N |
= | 015 = 8.5, B3 = 45° i CEEEE PO
10— 6.05 x 10° POT-equiv. ~ — L
: 1 10
51— | + = I
i = . 4 i
: —— —— , , I
OO 1 3 4 00 0

2
Calorimetric Energy (GeV)

----- 68% C.L.
— 90% C.L.

—— SK90% C.L. (2015)
—— MINOS 90% C.L. (2016)

NOVA Results
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SUMMARY

LBL Experiments take advantage of matter effects + 2 detector array to
maximize the reach of their neutrino oscillation analyses.
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The DUNE program is underway on large R&D efforts.

The Long Baseline Neutrino program at Fermilab covers a wide range
of physics beyond the main oscillations analyses...

Stay tuned for much more!
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The NOv{l Detectors

Sampling calorimeters optimized for electron identification. 1, 41pp

T Readout
The detector building is on the surface.
Large volume at the Far detector to maximize signal statistics.
FAR DETECTOR
* Scintillation
Light . — |}
Par‘i‘;"c‘:‘le
Trajectory
f Wavelength
Shifting
Fiber Loop
Q&“\ ) v
\%\K\%* 3.9cm Aﬁ-ﬂvm
Fernanda Psihas

RADPyC - May 2017
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The NOv Detectors

Charged particles are detected though the scintillation
light produced in each cell.

Fernanda ‘Psthas

-

RADPyC - May 2017

To APD
Readout

Scintillation
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Particle
Trajectory

Wavelength
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' Yep, not even a
magnetic field.

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SketchUpCMS


https://twiki.cern.ch/twiki/bin/view/CMSPublic/SketchUpCMS
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NOvAl Readout and Neutrino Interactions

Events are 550 ps readouts around the neutrino beam spill.
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Isolating neutrino interactions

The first step in our reconstruction is dividing an event (550 s of data)
into slices (groups of hits with some time and space coincidence)

4000

500
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-500

500
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-500
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Event: 188331 / --
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The DUNE Detectors

Liquid Argon TPC =
.f'/v'/lf AT
// / //
/'/:{,/ﬁ"}
m.i.p.ionization: WV

6000 e/mm

Liquid Argonne Time Projection Chambers

Cathode
Plane

Detect ionization signal which has been
drifted by an electric field.

<—
Egrife ~ 500V/cm

time

Run 3493 Event 41075, October 23“’, 2015
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Traditional ‘Reconstruction

Use the topology and magnitude of the energy depositions.
Takes advantage of the granularity and time resolution of our detectors.

230

t (usec)

We isolate individual interactions ~ Groups of hits can be clustered as When necessary we can fit an
using time and space correlation following the path of same assumed trajectory for each cluster
of the hits. particle starting at the interaction of hits.

point.
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cvent 1D with Corwolutional Newral Networka

‘Premise: Let a deep learning network extract features and draw correlations.

Disentangle the identification from reconstruction.

In practice: Use “images” of events to train a CNNs to identify neutrino flavor.

[ 1 | 1 1 1 1 ]
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CVN Network Components

Conwolutional Visual Network

TFernanda ‘Pasthas

RADPyC - May 2017
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CVN for NOvA Events

Conwolutional Visual Network

Network Details:
Based on GoogLeNet.

Two branch network (x and y views) . Takes 2
views separately, further down it merges the 2
views.

Optimized for overall accuracy and main analysis
FOM.

Caffe

Trained on Fermilabs Wilson cluster, two NVIDIA
K40 GPUs

Fernanda Psihas RADPyC - May 2017
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Clasaifter outpul

One PID value for each category, normalized to sum 1 over all possible

In principle, this means one can extract more information than a single

labels.
PID value.
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Correlation Matrix
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CVN Performance On Real ‘Data

NOVA Preliminary

I I I I I I I I I I | I I I | I I I | I
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CVN Performance on v,

Implemented in NOvA's main analysis for the results shown this summer at Neutrino 2016
was the first implementation of a CNN in a HEP result.
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Znee
v, CC

46
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https://indico.io/blog/visualizing-with-t-sne/

Fernanda ‘Psthas

THIS 1S YOUR MACHINE LEARNING SYSTEM?

[ YUP! YoU POUR THE DATA INTO THIS BIG
PILE OF LINEAR ALGEBRA, THEN COLLECT
THE ANSLIERS ON THE OTHER SIDE.

l
WHAT IF THE ANSLERS ARE WRONG? )

JUST STIR THE PILE DNTIL
THEY START LOOKING RIGHT.

RADPyC 4Fay 2017




Performance on Cosmic Background

NOVA Preliminary
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Data Driven Tests - MRBrem

NOVA Preliminary
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NOVA Preliminary
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Traditional ID Methods

Mostly focused on identifying the lepton in the event. Extracted features (i.e. track length and
scattering for muons, topology of energy depositions for electromagnetic showers)

*» Require Previous reconstruction.

*x Features are pre-defined, based on MC or test data.

R ——
L e R i | |
] ——%§!!;/==§§__4¢ii§§ :]
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120F
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Longitudinal log likelihood (e/y)

45 =705 005
Transverse Iog |Ike|lh00d (e/y)
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Example: The Likelihood ID method

* Reconstruct electron shower.

* Find likelihoods from it's dE/dx profiles

compared to particle hypotheses.

Likelihoods = Traditional Neural Network

Gy



Vertexing: use lines of energy - -
deposition formed with hough o o /% T
transforms to find intersections

Clusterin g: find clusters in an gu lar —
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CVN MC Efficiency

NOVA Simulation
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Neutral Current Neutrino Analysis

NOVA Preliminary NOVA Preliminary
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CVN Particle Tagging

Using the existing reconstruction.

Improved CVN network to optimize for
running time

Modified to take 4 views (event +
s D D s N D s D D s N

1 ;. 1 ! ] = | I | N | | | N | | prong)

L [ L L
L - s L
-
= S Trained on prongs from all events
e e above some minimum purity
]
L

Caffe A NVIDIA w
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CVN prong results

Broad categories separate electromagnetic and hadronic
contributions as well as muons.

Color is Efficienc I\H O\yﬂﬁ Sﬂﬂ,] Lﬂﬂaiﬂ@‘ N
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CVN prong results

Full set of training categories for single particle tagging.

Color is Efficienc

Proton Proton

cvnlD
cvnlD

Pion Pion

Muon

Muon

Gamma Gamma

Electron Electron

Electron Gamma Muon Pion Proton Electron Gamma Muon

truelD
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Caveats from the reconatruction

Prong quality depends on view matching and

vertex reconstruction.

Purity impacts classifier performance.
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NOVA Simulation
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