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Sanford Underground

DUNE

Long-baseline neutrino oscillation experiment:
e \Wideband neutrino beam, (~0.1 — 10 GeV) generated at Fermilab, Illinois
e Near Detector (ND) at Fermilab
e 4 Far Detector (FD) modules of 17 kt each using LArTPC

o Underground facility: non beam physics (atmospheric neutrinos, supernovae, solar, ...)

Physics goals:
e Neutrino oscillations : measure v, disappearance + v_and v_appearance
e Mass Ordering, leptonic CP Violation discovery, 8, , octant
e Physics beyond the Standard Model

e Underground detector: Nucleon Decay searches, supernova core collapse



Far Detector LAr TPC

lonization electrons drift in electric field:

o horizontal (HD) and vertical (VD) configuration //

Electrons are detected by a series of
readout planes (wire planes).

Kinematic reconstruction of v events
o Particle identification (e, u, proton)

o Event type classification (vﬂ CC, v, CC,
NC and potential for v )
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For this study -> Full simulation of atmospheric neutrinos of the DUNE HD FD

In this moment reconstruction performances are being improved



Atmospheric neutrinos

Cosmic Ray
e Energyrange up to TeV Nucleus

e long distances traveled Kemaalss

produced

e Oscillation probability P (v — vﬂ) as
a function of E and cos(6 ), related to L

e Complementary to beam measurement

e Atmospheric neutrinos will be there before the beam!

P (\7” —>‘\7”) in matter depends on (F A)

Atmosphere

where A = 2\/2G N E, N_is e” density in the Earth

Cosmic Ray



Physics case

Resonance at (3-8) GeV for vertical up-going v“/\a
e for neutrino in Normal Ordering <

e for antineutrino in Inverted Orderiﬁg‘\* ~ o
~
v/v discrimination allows DUNE improvement\lrh -

sensitivity to mass ordering.

~
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u-capture method (tagging M-e events)
could be use in DUNE to improve sensitivity “02
in mass ordering measurement.

[Phys.Rev.D 100 (2019) 9, 093004] 08
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e This method consists of discriminate muon charge using

Michel-e to distinguish capture events from decay events.

o M always decaysine®

o M~ can decay to e” (~ 28%) or be captured on Argon nuclei (~72%)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.093004

Strategy

e (Goal: optimize the tagging of Michel-e events in atmospheric neutrino events.

e Strategy: searching Michel-e hits around the endpoint of the reconstructed
muon track.

My work in 3 steps:

+
1. Improve the muon endpoint L (210 MeV)

identification related to specific
cases.

2. Selection of Michel-electron
events.

3. Evaluation impact of v,
separation on Mass Orderlng B \
<>

V (404 MeV
sensitivity. u( ev)




Muon’s endpoint
identification



|ssues in reconstructed muon Tracks

Issues that affect the position of the reconstructed muon endpoint

e Flipped muon tracks (start/end point) — ~8% of muon tracks
e Tracks with endpoint reconstructed more than 3 cm away from true endpoint:

o Broken: more than 3 cm before true endpoint — ~9% of not flipped muons
o Longer: more than 3 cm after true endpoint — ~11% of not flipped muons

L i DUNE Work in Progress

Flipped

OOOOOOO

DUNE Work in Progress

reco

true

Broken

DUNE Work in Progress



https://testinprod.fr/set/d0bd81f7-c3ca-4f17-b1c2-9bde95aa80c2/event/10/
https://testinprod.fr/set/d0bd81f7-c3ca-4f17-b1c2-9bde95aa80c2/event/10/
https://testinprod.fr/set/05cb5d08-d93d-4c51-a1ad-a541d0eb919e/event/17/
https://testinprod.fr/set/05cb5d08-d93d-4c51-a1ad-a541d0eb919e/event/17/
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Recovering identification of muon endpoint

Flipped tracks
e Problem: vertex assignment.
e Strategy:
o Searching Bragg peak at beginning of
the track.
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Recovering identification of muon endpoint 1

Broken tracks

e Problem: gap-crossing and no gap crossing o L%

e Strategy: merge the first part of the track

looking at
o Distance between the two track
segments

o Direction angle between the two
broken tracks
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Recovering identification of muon endpoint !

Longer tracks

e Problem: Michel hits part of the muon track
e Strategy:

e hits
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Michel-e™ selection



Michel-e events selection
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Selection based on hits:

e Requirement: events with hits in a region of radius

R=10cm.

e Requirement: at least 5 hits and a maximum of 40

hits in the selected region.

1.00r

Selection based on Convolutional Neural

Network score: 0.95}

e CNN looks at hits and determines the 5
most likely origin: shower, track or
michel. 0.85

.90

e Average Michel score per event 0.80%

relative to selected hits.
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DUNE Work in Progress
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https://link.springer.com/article/10.1140/epjc/s10052-022-10791-2

Efficiency results and limitations H

Results in Michel-e event tagging using selection of events just shown:

e Tagging efficiency:
(number of real M-e selected events)/(number of MC M-e events) = 52%

e Tagging purity:
(number of real M-e selected events)/(number of selected M-e events) = 90%

e Limitation: events w/ MC Michel-e and no hit caused by Michel-e — 14%
o due to the low energy of the M-es -> under investigation

This work contributes to ongoing efforts to improve atmospheric neutrino reconstruction



Impact on Sensitivity
to Mass Ordering



Number of decay events e

e ——
For example, considering flux and cross section: .
e Fractionofv ~78%
u all events 78
e Fractionofv ~22% 40
u
. | . .

Evaluation of the number of M-e and non-M-e events. v events anti-v events

. ) M-e event dec ot t
Fraction of % N_ Nmu_ gdec ¢ NmU+ €

Fraction of 17H: N

mu+ N (1_£dec>
Decay probability for p™: €9¢¢ = 28% Non M-e event L N (1-€H
mu+
M-e tagging efficiency: €t N..- g?ec (1-€
Vv events anti-v events

[Phys.Rev.D 100 (2019) 9, 093004 ]



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.093004

Event samples

Non-decay and decay samples, tagged with Michel-e, using:
e Perfect M-e tagging and purity
e 52% of eff in M-e tagging found and perfect purity (close to ~90% found)

Perfect tagging: €= 1, purity=1 With £1=0.52, purity=1

Event samples Event samples
1 1 | 1 l_

M-e event RS/ 52%

M-e event

Non M-e eventf= 2 © 0% Non M-e event|

DUNE Work in Progress

| I | |
Vv anti-v Vv anti-v




Event samples - 2 e

Same concept but normalizing with respect to the rows of the matrix

Perfect tagging: €= 1, purity=1 With £1=0.52, purity=1

Event samples Event samples

M-e event FESI0E/A 50% M-e event S0/ 50%

Non M-e event Non M-e event

DUNE Work in Progress DUNE Work in Progress

| B
Y anti-v Y anti-v
MO sensitivity increases because non-Michel-e sample is enriched in neutrinos

=  What s the impact of the M-e and Non M-e sample on Mass ordering sensitivity?



Atmospheric parameters fit
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Features of the fit:

MaCh3 Bayesian analysis framework:
Oscillation analysis based on Markov Chain Monte-Carlo
Semi random walk around full parameter space

Builds up distribution of steps in each parameter
Get posterior distribution for oscillation parameters

Ub

e Input files: atmospheric neutrinos

exposure: 400 kt yrs

Samples divided by flavor

Not including systematics nor backgrounds
Considering Nue + Numu samples, no NC

Lb

0

Q‘/Initial Sample (6°)

0

OO0

O | 9] 000
|/ & 90 [goo
0O

b Prior distribution p(#)

Posterior
distribution P(d]y)



Fit result for Am223

Nue sample + Numu sample splitin
different ways:

1. No vﬂ/v;‘ separation

2. perfect vu/vu' separation

3. M-etagging €= 1, purity = 1
4. M-e tagging €= 0.52

Red histogram refers to a toy study
with the £'=0.52, p=1.

100

101

102

10-3

104

Probability |0 parameters explain
NO assumption

Inverted ordering

]

DUNE Work in Progress

— No separation

— M-e tagging, €'=0.52
— M-e tagging, €'=1

IIIIIII | Illlllll | llIIllll ] IIIIIII| ] IIIIIIII

= V,/V, separation

> U
=
BT\)



Quantifying results o

Bayes factor K measures how much the data D

supports hypothesis M1 over hypothesis M2.
e Pr(D|M;)  Pr(M;|D) Pr(Ma)

~ Pr(D|M,;)  Pr(M,|D) Pr(M;)
No separation 1.0
It gives the ability to reject the hypothesis |10 M-e tagging 1.88
£'=0.52 ’
compared to NO.
M-e tagging 3.43
Taking log, ,B, , of No separation as a g'=1 '
reference (log,.B_):
10 e v”/f:” separation 6.18
= M-e tagging brings a significant improvement

even considering £'= 0.52
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Conclusion

e One goal of DUNE is the study of Mass Ordering

o Atmospheric neutrino will provide a complementary measurement to the
beam neutrino analysis

e M-e tagging as a way to separate v, / ﬁu and increase sensitivity on MO
e Event selection at Hits level for Michel-e:

o best efficiency achieved so far — 0.52 with purity ~ 0.90
e Ongoing sensitivity study with MaCh3 considering M-e tagging samples

o M-etagging, even with £'= 0.52, makes a strong contribution
to discarding the 10 against the NO

=» Our current efforts is to improve the reconstruction and complete the sensitivity
study to evaluate the impact that atmospheric neutrinos will have in the early
years of DUNE



Backup



Physics case

24

Resonance at (3-8) GeV for vertical up-going v“/\a

v/v discrimination allows DUNE improvement in

e for neutrino in Normal Ordering

e for antineutrino in Inverted Ordering -~

sensitivity to mass ordering.

4.5
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I [ [
I —— with u-capture

—— w/o u-capture

For NO, sensitivity of mass ordering ~ 3.50
1 after 7 years of exposure.

0.46 0.48 0.50

0.52 0.54 0.56 0.58
sin2@5ye

Purpose of the work:

use u-capture method (tagging M-e events) in DUNE to
improve sensitivity in mass ordering measurement.

[Phys.Rev.D 100 (2019) 9, 093004]



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.093004

Basics of reconstruction in LArTPCs 2

W W W ( Tracks /
[ Waveforms { Hits [2D] { Clusters > Showers
J J J L [3D]

DUNE:ProtoDUNE-SP

Isolated hits

j\ ] : — Hits associated
. J i « o to tracks

Chargettick [200 €]
3 8 8 &8 8

4600
Time Tick [0.5us]




Broken tracks: distance 26

Distance between true and reco endpoint of the muon track:

ET s S P o (P T o o P s Merging broken track
600 [ initial sample 1 segments leads to

. [ tot recovered muon tracks { improvementin the
S00F 27! recovered no gap-crossing | Muon endpoint
4003_ ! ___1 recovered gap-crossing E reconstruction.

-] y
300 3 i 1 - Zone0-3cmis
200F - E . populated.

: _E' 1 - Higher
100 {! # contribution in

OE i i ] case of no gap

00 25 50 75 10.0 125 150 175 20.0 crossing.
Distance reco-true endpoint [cm]



Broken tracks: deposited energy
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Average deposited energy in the last 10cm of the track:

1000f
800}
600}
400}

200}

s . -~ SR IR

S, E— —
[ initial sample

[ tot recoverd muon tracks
L__i recovered no gap-crossing
___! recovered gap-crossing

6 8 10
<dE/dX> MeV/cm

MIP value ~ 2 MeV/cm

Expect an increase in

— deposit energy at the
1 end of the muon track:

- The recovered
sample shows a
second peak
consistent with
Bragg peak

- Higher
contribution in
case of no gap
crossing.



Endpoint identification *

Idea from a paper of LArlAT experiment.
2D hit informations to identify endpoint of the
muon track:

W
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o
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e local truncated mean charge — to look

for bragg peak s =

drift coord. X [cm]
; & .
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wire coord. Z [cm]

e local linearity — to look for the kink of

theeleCtrOndecay :‘""""""""""\l>ll.|.l-|wl\| |:
120 T initial sample .

DUNE Work in progress [ recovered sample |

e Looking at X and Z hit 1005‘ —
coordinates from the collection 8o ¢
plane. 60}~ £

e Hits in the reconstructed track 40;_ 1

201 ]

belong in part to the electron.
0.0 2.5 5.0 7.5 10.0 125 150 175 20.0

Distance reco-true endpoint [cm]



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012010

Searching endpoint
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Looking for an area where observing the
Bragg peak of the muon and the kink of the
decaying electron.

e grey line represents the charge of
each individual hit.

Local linearity:
W is the wire coordinate.

X is the drift coordinate.

b is the number of hits defining
the local neighborhood window.

N = 2b+1 is the total number of
hits in the neighborhood.
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MCMC fit
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Features of the fit;

e Reco binning for Energy and cos(6,)
e fitting different parameters: sin0,, - sin“0,, - Am*,_ - 6

23 cp
Parameter | Asimov point Prior Range
sinZG23 0.546 Flat [0, 1]
sinZO13 0.0224 Gauss, 6=0.0007 [0, 1]
Am223 2.51.1073 eV? Flat @9, @
., -0.96 Flat / [-999, 999]

Asimov points related to Normal Ordering.

NUFIT 6.0

Testing the probability that a set of parameters related to the 10 could be

the true set.


http://www.nu-fit.org/?q=node/294

