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Outline

The Deep Underground Neutrino Experiment (DUNE)

- DUNE program

- Liquid Argon TPC technology

- The CERN Neutrino Platform Program
Supernova Neutrinos in LAr TPCs

- SN neutrino signal in LAr
- Neutronization burst

Status of SN neutrino reconstruction at DUNE

- Challenges
- MARLEY generator
- Tagging algorithms

Summary
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Pl O DEEP UNDERGROUND
m— NEUTRINO EXPERIMENT

Deep
Underground
Neutrino
Experiment
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“Long-Baseline Neutrino Facility (LBNF) and Deep Underground
D U N E Neutrino Experiment (DUNE) Conceptual Design Report Volume 2:

The Physics Program for DUNE at LBNF” (arXiv:1512.06148)

Sanford

Underground
Research -z
Facility 0\ \ - N

Fermilab

* Deep Underground Neutrino Experiment: 40 kton LAr TPC far detector at 1480
m depth (4300 mwe) at SURF measuring neutrino spectra at 1300 km in a wide-
band high purity v, beam with peak flux at 2.5 GeV operating at ~1.2 MW and
upgradeable to 2.4 MW

* 4 x 10 kton (fiducial) modules (single and/or dual-phase) with ability to detect
LBL oscillations, SN burst neutrinos, nucleon decay, atmospheric vs...

» Detectors will be ready before the beam arrives = good opportunity to start with
non-accelerator physics!
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The DUNE Collaboration

« Strong international collaboration:
>1000 collaborators

e 32 nations

%

“ e 179 institutions
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The DUNE Science Program

PRIMARY GOALS

ANCILLARY GOALS

Focus on fundamental open questions in
particle physics and astroparticle physics
— aim for discoveries:

1)

2)

3)

Neutrino Oscillation Physics

- CPV in the leptonic sector

- Neutrino Mass Hierarchy

- Precision Oscillation Physics &
testing the 3-flavor paradigm

Supernova burst physics &

astrophysics

- Unique sensitivity to v,
complementary to other
technologies

Nucleon Decay

- New detector technology offers
sensitivity to as of yet unexplored
decay channels

Atmospheric neutrino oscillation
measurements

Neutrino Astrophysics

- Solar neutrinos

- Diffuse Supernova Neutrino
Background

Precise measurements of neutrino
interactions with the near detector

NSI, sterile neutrinos, Lorentz
violation, neutrino decay,
decoherence

Dark matter
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The DUNE Far Site

- Sanford Underground Research Facility (SURF), South
Dakota

« Four caverns hosting four independent 10 kton (fiducial
mass) FD modules

- Assumed four identical cryostats 19 (W) x 18 (H) x 66 (L) m3

- Phase-in approach

- Allows alternate designs (single vs dual-phase LAr TPCs)
« Complete TDR should be ready for 2019
+ Installation of #1 module starts in 2022

m.\\m(mm:v ;‘Y.Aﬁ\mm\am\‘\
L\

Surface facilties (power, cryo systems,
compressors, control room, waste rock
handling system)

(CASPAR Low background,
Majorana Demo
Electroforming lab)

LBNF and DUNE CDR Volume 4:
The DUNE Detectors at LBNF
(@arXiv:1601.02984)
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The DUNE Far Site

- Sanford Underground Research Facility (SURF), South
Dakota

« Four caverns hosting four independent 10 kton (fiducial Surface facilties (power, cryo systems,
compressors, control room, waste rock

handling system)

mass) FD modules
- Assumed four identical cryostats 19 (W) x 18 (H) x 66 (L) m3
- Phase-in approach
- Allows alternate designs (single vs dual-phase LAr TPCs)
« Complete TDR should be ready for 2019
» Installation of #1 module starts in 2022

(CASPAR, Low background,
Majorana Demo
Electroforming lab)

/ , '
| i | / /
o

LBNF and DUNE CDR Volume 4.:
The DUNE Detectors at LBNF
(@arXiv:1601.02984)
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The DUNE Far Detector

Adv. High Energy Phys., vol. 2013, p. 260820, 2013
0

PID: kaon
° PID: muon
Bethe Bloch curve: proton

3

The LAr TPC technology provides:

« excellent 3D imaging capabilities
- few mm scale over large volume detector

« excellent energy measurement capability
- totally active calorimeter 15

« particle ID by dE/dx, range, event topology, ...

———— Bethe Bloch curve: kaon
----- Bethe Bloch curve: pion

dE/dx [MeV/cm]
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——— Bethe Bloch curve: muon
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Single electron shower
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Single-phase LAr TPC technology

* Neutrino interactions in Ar produce charged particles that cause ionization and excitation of Argon

- High electric field drifts electrons towards finely segmented anode wire planes
- Excitation of Ar produces prompt scintillation light giving t, of the interaction

* Independent views provided by multiple wire orientations (2D position information)
* Photosensors detect the light produced providing timing information

* 3D reconstruction of tracks and showers
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Dual-phase LAr TPC technology

Concept of double-phase LAr TPC (Not to scale)

Multilayer PCB anode
Anode 0V
T induction 5 kV/em [ l l l J ’ l
SN ESOEEOEEEEEEEE i
m GAr  Extraction field 2kV/em | ,
| Vapor
extraction 2 kV/em gl il 88 :
o 3
% Q00
o ,/'L),\,/.J\ TR liquid
(| aminyq
drift 0.5 kV/em \.
Extraction grid

v

lonization signals are amplified and detected in gaseous argon above the liquid surface

Two measurements:

- Charge from ionization: tracking and calorimetry. Double-phase: multiplication in gas to increase gain
and allow for long drift distances (> 5m) and low energy thresholds

- Scintillation light: primary scintillation (trigger and t0) & secondary scintillation in gas

Large surface instrumented with PMTs in LAr
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The DUNE strategy

Single-phase

DUNE 35-t @Fermilab (2015) protoDUNE SP
@CERN: 300 ton
(2016-2019)

WATO05 3x1x1 m3 @CERN:

4.2 ton (2016) protoDUNE DP

@CERN: 300 ton
(2016-2019)

DUNE DP @SURF: 10 kton
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>\\’

Installed during 2016 (Bldg. 182), filled
with LAr beg 2017; Data taking between
June and November 2017

Drift ime [us)

g88883

Through-going muon

400 500 600 700 800 900 1000 1100 1200
View 0 View 1

3x1x1 successful in proving the dual-
phase concept for a LAr TPC at the 4 ton
scale

Technical paper (arXiv:1806.03317)
submitted to JINST (60 p.)

W M shower .

Drift time [us]
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Supernova
heutrinos
in LAr TPCs
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Three phases of SN v emission

Ve Burst

Accretion

Cooling

Luminosity [10°%" erg/s]

Average Energy [MeV]

Garching model (25 M)

Time [ms]
Neutronization burst

* Shock breakout
* De-leptonization of
outer core layers

0.4 0.6 0.8
Time [s]

Accretion phase

* Shock stalls ~150 km
* Neutrinos powered by
infalling matter

Time [s]

Cooling phase

* Cooling on
neutrino diffusion
time scale
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MSW and collective effects

Neutrino Antineutrino
6 GKVM (Gava-Kneller-Volpe-McLaughlin) model g " v T T v " : .
x 10 [ === v, initial ===V, initial
- AL AR AR R veiniidl ||| |- vy initial
5 4500 the neutrino energy spectrum 3 o —y, final M.A. — ¥, final M.A.
(black-body of Fermi-Dirac type) L = Vo final S.A. _ = ¥ final S.A.
g oo {1 3|0 \
> 2 N N\
® 3500 3 £ \ )
: ‘|‘ B
~N . &
. 3,(!!) - s VR
e — Vy (V4 T V4T ] " “-‘- — A e Bl
2 2500 — 3
' — A :
2 2000 :
= 150 <E(Ve)>=12 MeV —=
g <E(Ve)>=15 MeV ] §
g 1000 <E(vy)>=18 MeV - =) h
s , = \
3 s '
- 0 1 11 1111 11 J \‘\
0 10 20 30 40 50 60 0 10 20 30 40 50 0 10 20 30 40 50 60
E (MeV) E (MeV)

Neutrino energy (MeV)
Duan & Friedland, Phys. Rev. Lett. 106 (2011) 091101

» Collective oscillations (r <200 km) + MSW flavor transformations (r > 200 km)
imprint the neutrino signal

» Information about the mass ordering (and SN mechanisms) can be obtained from
the observation of the neutrino time and energy spectra evolution
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Effect of collective oscillations

S. Chakraborty and A. Mirizzi, Phys. Rev. D90, 033004 (2014)

Neutrinos Antineutrinos

« Dashed lines: no osc.

F,(E) (a.u.)

« Solid lines: after osc. (black
Ve; red v,)

10 20 30 40

* Initial fluxes:
Fv.FvgFv, =2.4:2.0:1.5

« Spectral splits in certain
energy intervals

E (MeV)

F, (E) (a.u.)

10 20 30 40 O 10 20 30 40
E (MeV) E (MeV)

0
0
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Supernova neutrino signal in LAr

I. Gil-Botella & A.Rubbia, hep-ph/0307222,
5 JCAP 10 (2003) 009, JCAP 08 (2004) 001
10 " T

1. Elastic scattering on electrons (ES)

2. Charged-current () interactions on Ar

cmz)

43

Cross section (x10

40 40 %, -
vV, + Ar— K +e Qe = 1.5 MeV

V. + YAr = YCI" + e" Qo= 7.48 MeV

3. Neutral current (INC) interactions on Ar

(\-/)—|— 4OA}" — (\-)—|— 4OA}"* QNC = 1.46 MeV o 10 ‘:20‘ 30 40 50 60‘,‘ 7 8o 90 100

Neutrino energy (MeV)

Possibility to separate the various channels by a classification of the associated
photons from the K, Cl or Ar deexcitation (specific spectral lines for and ()
or by the absence of photons (ES)
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SN neutrinos in DUNE

Event rates in DUNE (40 kt LAr) for a core-collapse SN at 10 kpc

Channel Events Events
“Livermore” model “GKVM" model
ve +10 Ar — ¢~ 440 K* 2720 3350
7, +10 Ar — et +90 CI* 230 160
Vp+€~ = U, + e 350 260
Total 3300 3770
no oscillations collective effects
Galaxy Edge LMC Anc:roneda
- Unique sensitivity to electron 510
neutrinos g10t
« Width of bands represents range g” 3
of models 2'%F
. : 10
» Solid: Garching model 3
1=
PRL104 (2010) 251101 =
10'1:5
10-2: L R ! Lo gl

102
10 Distance to supernova

—

10°
(kpc)
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SN neutrino spectra in DUNE

« SN at 10 kpc in DUNE (40 kt LAr) +« Required energy resolution < 10%

* No oscillations * Energy threshold ~5 MeV
é Infall  Neutronizaion Accretion Cooling -ES 1 340 -ES ]
%70 A zAr @ o5 -, ﬁ“
S 60 8 v, “Ar
@ % 30
50 P

40

30

20

10

10 15 20 25 30 35 40
1l’ime (seconds) Observed energy (MeV)

Time-dependent signal Expected event spectrum
integrated over time

10?2 10"

Garching model, ICARUS energy resolution, 5 MeV threshold
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v.CC on Ar in DUNE

« Events per 0.5 MeV per ms, 40 kton @10 kpc

* No oscillations
Evts

.009

Neutronization Accretion Cooling

8 & 8

.025 007

Energy (MeV)

8 &

50
45
40
35
30

.005

.003

.002

10}

.001

5 5
-0.02 0 0.02 0.04 0.06 0.08 01 02 03 04 05 12 3 45 6 7 8 9

Time (s)
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Effects of oscillations in SN v signal

35 kton LAr SN at 10 kpc Martinez-Pinedo et al., Phys. Rev. D91 (2015) 065016
Neutronization burst Accretion phase Cooling phase
= 80 50 ¢ —3 140 E
el (a) LAITPC no 0sc. i 40 E 3120 E (c) LAITPC NH 3
) 60 NH = | — 3100 E IH, MSW only f_'__'_“_J
S 40 IH co=5 1 30 TTT e IH c225 - 80 I
z . 20 ¢ 1T H s E 28 s
= 20 o 10 F| LT =
5 Q = 'l PN Pl i ol s 7 AN peietes ?r 28 3 HHHHHH r![r.rT..

0.5 051152253354455
pb(s)

-0.01 000 001 002 0.03 0.04 0.05
pb(s)

» Collective effects (important for IH) and MSW oscillations
included

* Analysis of time structure and associated neutrino spectra can
help to identify MH
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DUNE evt rates for 1D/2D models

All Channels, DUNE, CCSN Models All Channels, DUNE, CCSN Models
s000{10Mg 1D D = 10kpc —== NoOsc. s000{ 10Mo 2D D = 10kpc = No. OSC.
——— NH — NH
- |H w— |H
4000 A . 4000 . .
1D spherical non- 2D axisymmetric
i  exploding model exploding model
1‘; 3000 i T; 3000 A
2 2
e s
w w
2000 2000
PN « S. Seadrow et al.
H ‘/,,I/ ~s\~ Mo TN ..
IV A N | Xiv:1804.00689
woy {7 e T (arXiv: :
v Tl
; « SN at 10 kpc
. T T T T T 0- T T T T T T
° 0.0 0.2 0.4 06 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time (s) Time (s)
« Allch |
19M, 1D All Channels, DUNE, CCSN Models 19M. 2D All Channels, DUNE, CCSN Models channels
o} D = 10kpc === No Osc. [0} D = 10kpc s NO OSC.
| ——= NH — NH g
=L — « MSW transitions
6000 - 6000
5000 5000 1
o i i 0
= H A 2
£ 4000 SN £ 4000
g .v"‘ﬁ/ £
- -~ &
o A ]
3000 Kad ,.v-.-‘"‘"' v 3000
/’ n"/
l/ ’r""
2000 4 SN 2000
| ’/’, ~-\~_-
r. ,;I e Fmaraen
‘:' e T
1000 - 1000 4
0 <L T T T T T T 0 T T T T T T
0.0 02 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 12
Time (s) Time (s)
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The neutronization burst

Because of its sensitivity to electron neutrinos, LAr TPCs can provide unique
information bout the early breakout pulse from next galactic SN

40 kton argon, 10 kpc

'_CE) 80 Eﬁfallé Neutronization Accretion Cooling Robust Mo signature
8_ 70 - E : —}— No oscillations
1] 60 — —+— Normal ordering
[ — ' . :
o - ! —+— Inverted ordering :
> - : .
w90 g Garching model,
40~ MSW transitions only,
- I
30F- ! — total events (mostly v,)
20 i
10 | :
- : . 1 | 1 1 1 1 | 1 ; 1
0.15 0.2 0.25

Time (seconds)

The time structure of the SN signal during the first few tens of ms after the core
bounce can provide a clear indication if the v, burst is present or absent,
allowing to distinguish the mass ordering
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Robust mass ordering
signature from v_ burst

40 kton LAr 374 kton water
5 ||

20 kton LSc

£ 80 900 = 70
0 —infa Neutronization —Infa Neutronization _Infall Neutronization :
5 :_ . 800F : =
g8 70 = = vefromES : S9F 1ty from ES
2 60 1% e | T0FE i one; . 5o/ : one; ’
o = —+ Nooscilations  §0Q[— : alsosmall : — . alsosmall
M SOET AT || e, o § vebarefleot © o i vobareffect
40 = =
I
OE . 300F o -
== i = 20—
: A 200f :
10 T 100F 1073
g , L = C L. = Ll
0.05 0.05 0.05
SN at 10 kpc
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SN neutrino
reconstruction in
DUNE
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What are we looking for?

NV
N
N\
\\
 Electron track + de- » De-excitation gammas * Electron track
excitation gammas - Directionality

* Nucleon emission also
possible

* Reconstruction capabilities are required to identify the
iInteraction channels
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Examples of event display

* Reconstructing energy depositions - collection plane
» o 4., " o Wire #

9.8 MeV gamma event

o T r r T v T o r r T T T o o o T T s v T
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5cm

30.25 MeV veCC event

Ticks
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Challenges

Simulation:

Robust SN neutrino fluxes
including time profiles

Realistic event generators for SN
neutrino interactions

Background simulations, electronic
noise...

Reconstruction:

Energy, vertex, angle, time
reconstruction of low energy
electrons and gammas

Interaction channels taggers
Extraction from background

« SN trigger and DAQ

Trigger rates
Data rates

Work in progress...

Developing reconstruction tools for low
energy events

Developing realistic simulation of SN
neutrino events (including time profile)

Developing gamma tagging algorithms

Study of the 3%Ar background in the
low energy reconstruction

DAQ/triggering strategy

Study of the capabilities of the photon
detection system to trigger and
reconstruct SN neutrino events

32
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'MARLEY (Model of Argon Reaction

_Low-Energy Yields)

. 39K mK 39Ar

« Event generator for low energy v,CC neutrino

interactions on 40Ar with realistic final state

particles
» Lack of precision models of low-E neutrino

argon interactions 3
« Transition levels are determined by observing

Sll
S,

de-excitation (gammas and nucleons) 5 ]

At least 25 transitions Reconstructing true neutrino energy:
have been observed . Q is determined by measuring de-
indirectly ‘] 271410 ‘ excitation gammas and nucleons
40 i Ener; .
: 19K Outgoing donagt:/ed to R;e;onlIEnergy
(g_s_ tog.s.is & Qg=1504.9 e Energy transition ?negtIJi;iEr:)
N 10.72%
3rd forbidden 112ps 24> [/ 1860859 1067% 116" E,=F,+ Q + Krecoil
transition) %
stable 22/ 0 0048% 21.0° « Large uncertainties in nuclear data and
18AT models complicate energy reconstruction
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Example of simulated SN v event
in DUNE

\}:‘ v, + PAr — e™ + PK*

e cheated space points

E, = 16.3 MeV

neutrons

) + protons

e deposited 4.5 MeV .
+ nuclei

- positrons

ys from n-capture
7.6 MeV

Total visible
Energy = 12.2 MeV

Visible event
radius = 144 cm

\ )
¥\ vertex

30 cm

34
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MARLEY simulation

,g 30000
25000

A0K* de-excitations
20000

* ~vs only: 83.7%
e single n + ~ys: 14.6% 0%
e single p +~ys: 1.5% 10000

e other: 0.2%

5000

0 5 10 15 20 25

Supernova cooling spectrum (Fermi-Dirac distribution with T = 3.5 MeV)

true v energy

——— perfect reconstruction
without neutrons

e kinetic energy + Qge .-

30 35 40 45 50
Energy (MeV)

Loss of neutrons has an impact on the energy spectrum
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Smearing matrix with MARLEY

* More realistic prediction is obtained with MARLEY

* “true interaction spectrum” = interaction rates before smearing

MARLEY Smearing Matrix, Drift Corrected (Recob) Smeared Energy Spectrum: Default LAr Smearing Matrix vs. MARLEY Smearing Matrix

30

8

True Interaction Spectrum

---------- Default LAr Smearing Matrix
25

Reconstructed Energy (MeV)

---------- MARLEY Smearing Matrix

20

B 8 88838 8
Events per 0.5 MeV

veCC interactions
40kton LAr detector
10kpc from Earth

-
o

70 80 9 100 15
Truth Neutrino Energy (MeV)

Il;lllll‘-.l,..llllllllllIIIIIIIII

B
Ollllllllllll]IllIIllllllIllIllIl IIL

10 20 30 40 50 60 70 80 90 100
Observed Energy (MeV)
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Gamma tagging algorithms

» Working on an algorithm to distinguish between bremsstrahlung
and de-excitation gammas

De-excitation gammas: “isotropic cloud”

ttttttt
1energy
deposition)

Bremsstrahlung gammas: “Forward-moving jet”

e
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MC truth gamma-tagging

30.25 MeV v ,CC events
pa ramete rs § 300 :::e::a:::jg Summed MC truth
[ vector lengths
. i . E 250/ lized
- Bremsstrahlung distribution 2 " F normalized)
shows “forward-moving o
behaviour” e
100{—
» De-excitation distribution s
shows more isotropic - |
. % o2 o4 o8 o8 i
b e h aVI O U r Summed vector lengths (cm)
;_;’ 500 :::::::ng Summed MC truth dot
5 F products between
- _ _ 5 oo (normalized) electron,
Promising information - gamma vectors
. 300—
for a reconstruction -
algorithm 200
1005—
- |

. 1
Summed dot products (cm?)
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Triggering on SN neutrinos

 Trigger on 98% of supernovae in Milky Way and LMC, issuing 1
fake trigger per month on average due to radiological

backgrounds
L 5
T Individual Marley Efficiency & 10kt Background Rate IR
= 1 %  Eff-091, Bkgd: 19.11Hz R
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Summary
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Summary

DUNE will have a broad program on neutrino physics and
astrophysics including the test of fundamental symmetries beyond the
beam measurements

- SN neutrino burst program is a key science goal for DUNE
Unique measurements of supernova neutrinos
- Mainly sensitive to v, (neutronization burst)

- Measurements of the time, flavor and energy structure of the neutrino
burst will be critical for understanding the dynamics of this important
astrophysical phenomenon, as well as providing information on
neutrino properties and other particle physics.

Excellent progress on low energy interaction models, reconstruction,
tagging algorithms, trigger, radiological backgrounds, etc.

Preparing the detectors for next SN neutrino burst!!
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