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Analysis of neutrino interactions for the search of supernova signals

- Introduction

LCove-collapse supernova process

Stellar evolution phases

The stellar evolution is governed by hydrostatic burning of nuclear elements.
Fuel element produces heavier elements in the stellar core. When the fuel in the

central region is depleted, the burning stops, and the core contracts.

Stage Time scale Fuel Product T (10°K) p (g/cm?)
Hydrogen 11 My H He 0.035 5.8

Helium 2 My He C.0 0.018 1390

Carbon 2000y C Ne,Mg 0.81 2.8 x 10°
Neon 0.7y Ne O,Mg 1.6 1.2 x 107
Oxygen 26y 0,Mg Si,S,Ar,Ca 1.9 8.8 x 100
Silicon 18d Si,S,Ar,Ca  Fe,Ni,Cr,Ti,... 33 4.8 x 107

Table: Stellar evolution phases for a 15 M, star from Woosley and H.-T. Janka 2005
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Analysis of neutrino interactions for the search of supernova signals
- Introduction

LCove-collapse supernova process

Pre-supernova neutrino emission

Starting from the carbon core burning phase the energy loss by neutrino emission
mostly via electron-positron pair annihilation and plasmon decay processes:

et +e s v4v
(1)

Y=+

After the start of silicon burning, additional neutrino emission processes play an
important role: electron capture on nuclei and free protons

(Z,A)+e = (Z-1,A)+re @

p+e —n+rve
and B8t and 3~ decays of nuclei:
(Z,A) = (Z-1,A) +e" + e 3)
(Z,A) = (Z+ 1L, A) +e + 7

During the final silicon burning phase average energies grow to several MeV and this
signal can be detected by neutrino experiments with a sufficiently low energy threshold,
if the distance is not too far (up to 1kpc) several hours before the core collapse.
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Analysis of neutrino interactions for the search of supernova signals

- Introduction
L

‘— Core-collapse supernova process

Core collapse I: Initial phase

R [km] Initial Phase of Collapse

R,,~ 3000 t~0

N MNM M

Si-burning shell

Figure: Figures from H.-Th Janka et al. 2007

The iron core contracts, its density
increases.

Thermal energy of the core is decreased
by the endothermic reaction of iron
photodissociation:

56Fe — 13a + 4n,
and via electron capture:
(Z,A)+e” = (Z—-1,A)+ve
p+e —n+ve

also decreasing electron abundance.

The resulting neutron-rich nuclei are then
fused together to form heavier elements,
as the core continues its collapse and
densities increase.
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Analysis of neutrino interactions for the search of supernova signals
- Introduction

LCove-collapse supernova process

Core collapse II: Neutrino trapping

Neutrino Trapping
(t~0.1s, ,~102 g/cm3)

R [km]

Fo

~100 -

heavy nuclei

Si-burning shell

Figure: Figures from H.-Th Janka et al. 2007

The matter density increases and heavier
nuclei are produced.
Coherent elastic nuclear scattering

v+ (Z,A) - v+ (Z,A)

become dominant, because o ~ A2.
Thus during the collapse, both the the
interaction cross-section o and the
matter density p are increasing.

Ptrap = 1012 g/cm3

the neutrinos can’t escape the infalling
matter.

Neutrinos scattering inside the inner core
are keeping the core in thermodynamical
equilibrium

“Neutrinosphere”: a spherical layer of
radius R, where the medium becomes

mostly transparent to neutrinos. 6/78



Analysis of neutrino interactions for the search of supernova signals
- Introduction

LCove-collapse supernova process

Core collapse Ill: Core bounce

R [km] Bounce and Shock Formation
R (t~0.11s, @5 2Q0)

o

radius of

formation

~10-F=

\ M() [Me]

nuclear matter "
@ng,)  nuctel

Si-burning shell

Figure: Figures from H.-Th Janka et al. 2007

When the density reaches

po ~ 10 g/cm? the heavy nuclei form
hot dense nuclear matter, which can’t be
compressed any further because of the
strong interaction forces.

This leads to a buildup of the pressure in
the core, which repels the infalling matter
from the inner core, forming a
discontinuity in the pressure and infall
velocity.

This discontinuity forms a mild pressure
wave, which eventually becomes a
shockwave as it expands outwards from
the inner core to the less dense shells.

It pushes out the external infalling layers,
increasing their pressure and entropy.
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- Introduction

LCove-collapse supernova process

Core collapse IV: Shock breakout

The energy of the shockwave is used up
by the photodissociation of the heavy
nuclei, so the layers behind the shockwave

R [k Shock Propagation andv, Burst .
[Rm] by (lp~go.1|25) Y B front consist mostly of free nucleons.
R, ~ 100 km ¢ Since the electron capture rate on free
Ry - protons is large, lots of ve are produced.
position of | ! . When the shockwave front breaks out

formation

beyond R,, these v. escape the star,
carrying away about 10°! erg within a
10 ms “neutronization peak”.

nuclear matter

\ M) [Md Additionally at this stage the production
el ming shell of v pairs of all flavors starts to
contribute.

Figure: Figures from H.-Th Janka et al. 2007
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Analysis of neutrino interactions for the search of supernova signals
- Introduction

LCove-collapse supernova process

Core collapse V: Shock stagnation and revival

Shockwave stagnates in the outer stellar
R k) '{ Shock StagEatlon and v Heating, shells. ) )
/ / xplosion (t ~0.2s) The neutrinos produced outside of the
Fe-2007 / g neutrinosphere can escape, cooling these
g v layers. These neutrinos interact in the
outer layers via charged current
interactions

Rg~ 100 -

Ry~ 50 o : Ve+n—>e +p

Vet Vet

17e+p—>e++n

— —=
gainlayer 1.5 M) [Md

‘cooling layer are reheating the outer “gain” layer,
leading to the revival of the stalled
shockwave.

This effect suggested is considered to be

) driving the eventual supernova explosion.
Figure: Figures from H.-Th Janka et al. 2007
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- Introduction

LCove-collapse supernova process

Core collapse VI: Neutrino cooling

Finally the proto-neutron star is emitting
the v pairs of all flavors equally.

These neutrino can escape freely, cooling
the stellar core remnant.

) R [km] Neutrino Cooling and Neutrino—

Figure: Figures from H.-Th Janka et al. 2007
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Analysis of neutrino interactions for the search of supernova signals
- Introduction

LCove-collapse supernova process

Supernova neutrino signal

Neutrino production and propagation depends on many parameters: progenitor mass,
EoS, neutrino mixingand mass ordering.
Neutrino signal can be a probe of these parameters!

7
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Figure: Expected neutrino production vs. time (left) and energy (right) from collapsing stars with
a mass of 9.6 M (top) and 27 Mg, (bottom), from the simulation by the Garching group Mirizzi
et al. 2016. This simulation does not include flavor changing effects such as neutrino oscillations
and collective effects.
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Analysis of neutrino interactions for the search of supernova signals
- Introduction

LCove-collapse supernova process

Supernova: a multimessenger phenomeno
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pre-supernova:
n E, ~ 1-10MeV Neutrinos can serve as an early warning for hours
u T ~ 10days before optical signal
CCSN: Very rare: 1-3/century in our galaxy.
m N, ~ 108 neutrinos
u E, ~ 10-60 MeV Detection is a global task: SuperNova Early
. T~ 10s Warning System
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LDetectiDn of supernova neutrino interactions in NOvA

Plan

Detection of supernova neutrino interactions in NOvA
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Analysis of neutrino interactions for the search of supernova signals

LDetectiDn of supernova neutrino interactions in NOvA
L NOvA detectors

Detector structure

Main goal of the NOVA experiment: study neutrino oscillations in the muon
(anti-)neutrino beam, with (E,) = 2 GeV.

3D schematic of

_— To 1 APD pixel
View from the top Particle 1
NOVA particle detector

Interaction
Point
TS Particle 2
Neutrino =
from Sl ] | Particles
,/ Fermilab S S -~
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=
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View from the side Particle 2 charged -~
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|
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Particle 3

Segmented liquid scintillator detector: PVC cells 6 cm x 4 cm provide granularity to
reconstruct ~ GeV neutrino interactions.
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LDetection of supernova neutrino interactions in NOvA

o NOvVA detectors

NOvVA detectors

Two detectors of similar structure, separated by 810 km

NOVA Near Detector: 5ms timeslice etector: 5ms timeslice
e M=300 e M =14 kton
o Nchannels = 20192 « Nchannels = 344064
« 100m underground ‘ « Onsurface

m Similar structure = almost the same reconstruction and data processing,

m Different size and overburden = very different BG conditions, statistics.

Low overburden leads to high atmospheric muon activity:
average of 37 Hz in Near Detector and 148 kHz in Far Detector.
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LDetectiDn of supernova neutrino interactions in NOvA

L NOvA detectors

NOvA Data Driven Triggers

NOVA has a flexible system of software data driven triggers, to perform additional
physics searches:

Buffer Node Trigger signal: Global Trigger
ty, tiig_ID
DDT Process #1 1

5ms
DDT Process #2 \
slice Circular GTDDTTrigger
Buffer DDT Process #3 —

e
H Save time slice:
[to,t1] —
——>| Data Logger
storage
m Data, read from the detector, is sliced in 5ms m If a signal of interest is found — send the time tg
chunks (milliblocks) and trig-ID to Global Trigger node
m Milliblocks are stored in a circular buffer on one m Global Trigger which requests the data to be
of 170(13 for Near Detector) buffer nodes. saved in a certain time window around the found
P i t .
m Parallel DDT processes analyze milliblocks, signature
performing fast reconstruction and search for m Data Logger reads the requested data from the

specific signatures. buffers and saves them for offline analysis.

Buffers can store up to 1350s (Far Detector) or 1900s (Near Detector) of data.
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Analysis of neutrino interactions for the search of supernova signals

LDetectiDn of supernova neutrino interactions in NOvA

L Detection channels for scintillation detector

Supernova neutrino detection channels

1039

m Inverse beta decay Strumia and Vissani 2003

e Detp—e +n

m Elastic scattering on electrons Marciano and

Parsa 2003
1074

vx(Dx) + e = vx(ix) + e

o, cm?

1042 m NC scattering on carbon Armbruster et al. 1998

va(Bx) + 2C = vy () + 2C*(15.1 MeV)
1074

10-4

Interaction channel Far Detector Near Detector

9.6 My 27Mg 9.6Me  27Mg
Inverse beta decay 1593 3439 24 51
Elastic scattering on e~ 143 259 3 5
Neutral current on 12C 67 166 1 3
Total 1803 3864 28 59
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LDetectiDn of supernova neutrino interactions in NOvA

L Signal sample

Signal sample

Simulation of SN neutrino interactions in Far Detector using GenieSNova package (developed for this work)

400 3 Positrons 5
" B Electrons S 10
E 300 2
S = 102
5200 H
= 100 =0
0 da, 10°
0.0 02 0.4 06 0.8 1.0 0 20 40 60
Time, s Ejepton, MeV/
Signal is very faint compared to
background! o

1000

m IBD positron from SN neutrino
produces 1-5 hits — signals in
nearby PVC cells.

m Atmospheric muon produces around D [
400 hits! ’

800

500

Percent of clusters
Cluster amplitude, ADC

12 3 s P
Cluster size, hits EerMev

sk

Tag hits from all known background sources; select SN neutrino interactions
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Analysis of neutrino interactions for the search of supernova signals
LDetectiDn of supernova neutrino interactions in NOvA

L Background rejection

Atmospheric muons

Huge amount of atmospheric muons in Far Detector. Michel electrons have E. < 53 MeV and can mimic IBD
positron response.

3000

500

X (cm)

-500

-500

6000
z (cm)
NOVA - FNAL E929
Run: 24387 /46 = él it
Event: 1985/ DDSN 10 f
1
UTG Sat Oct 22, 2016
i 077300 1000 1500 2000 2500 3000 3500 4000 4500 5000 2 3
0 0
19:32:48.095000000 t(usec) 10 10 q(ADC)

Tag: find the muon tracks using Hough transform; tag all hits around the track as muons;
tag all hits around track endpoint within 10 s and 32cm as Michel electrons 10/78



Analysis of neutrino interactions for the search of supernova signals

LDetectiDn of supernova neutrino interactions in NOvA

L Background rejection

High energy showers

activity after the shower.

High energy atmoshperic showers hit the Far Detector several times per hour. The excited nuclei produce delayed

Tag:

3000 4000 5000

500 - A%
H

X (cm)
s

=500

500

0 1000 2000

NOVA - FNAL E929

Run: 24387 /46 =i E {\\“ £
Event: 2016 / DDSN { Il OV UV TRV YO
UTC SatOct 22,2016 5 T Sy S Sosiy
19:32:48.140000000 26002650 2700 2750 2800 2850 2900 2950

g 10 10’
t (usec)

q(ADC)

find the time tg of the peak amplitude, tag all hits within 350 ps window after tg
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LDetectiDn of supernova neutrino interactions in NOvA

L Background rejection

Electronic channel noise

Front-end readout electronics failures can lead to excessive/suppressed hit rates in

individual channels or in groups of 32 neighbouring channels.

A special service is monitoring activity in each channel, and creates a map of tagged

channels every 1 hour

cold: 207 hot: 353 mixed: 34 total: 594
m “cold” channels: > “ | . I
inactive 90% of > I I )
" 320
time 288 I s I
m ‘“hot” channels: 256 . I
1 hour averaged R .
activity above 3029, "
1kHz 160 .
128 *
m “mixed ) ]y . I . .
channels: acting P |
both as cold and » . '
hot within o h
1 hour 0 100 200 300 400 500 600 700 800
Plane #

Tag: all the hits from the channel if it was hot/cold within last 24 hours.
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LDetectiDn of supernova neutrino interactions in NOvA

L Background rejection

Electronic channel noise

10 %

S —— total .- hot —=-- cold =
ki 104 3
g o

1% 0
0
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2 ! F I 5
S 019% A : i M—“dx— i mapra o] s
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Figure: Fraction of readout channels excluded from the Far Detector supernova analysis vs. time
during the year 2020. One can see the rise of “hot” channels amount during summer period,
ending with the stabilisation at the end of the detector maintenence work. The spikes in the
“cold” channels fraction plot correspond to the malfunction of the electronic modules, which group
the readout of many channels. These modules are restored by an automatic reboot or repaired
during maintenance.
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LDetectiDn of supernova neutrino interactions in NOvA

L Background rejection

Background suppression results

Average hit rate, kHz Fraction Variation

. Total detector hit rate 74971.09  100.00% 1.21%
-g Hits from cosmic ray muons 16702.19 22.28% 5.06%
98 Hits from Michel electrons 4727.62 6.31% 5.18%
8 Single channel noise 1533.98 2.05% 2.04%
5 High energy shower activity 96.26 0.13% 839.35%
L TActivity after selection 56344.94 75.16% 0.89%
5  Total detector hit rate 715.14  100.00% 11.01%
g Hits from cosmic ray muons 2.57 0.36% 255.36%
2 Hits from Michel electrons 1.14 0.16% 295.76%
O  Single channel noise 445.88 61.90% 10.60%
§ High energy shower activity 0.04 0.01% 8796.71%
2  Activity after selection 269.89 37.74% 9.03%
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LDetection of supernova neutrino interactions in NOvA

‘— Reconstruction

Clustering algorithm

In order to find the group of hits produced by a single neutrino interaction, a
clustering in time and space is applied.
Hits belong to the same cluster if they are in:

B the same plane and separated by not m Have time difference At < 32ns
more than 1 cell (hits 1+2, or 3+4);

The time precision of a single observed
m adjascent planes (hits 3+5, 4+5).

hit is 812 ns depending on its amplitude.

Top =eEe——
View
Distance to cell end Pigtails DCM offsets.
ettt ot poio) o el i 150t O 1)
0- 1560 cm; 34 - 150 cm: 40ns per DCM
0-102ns 2-10ns 0-240ns
Side However the time of the initial

View scintillation flash is delayed in the readout

system by up to 240 ns, which needs to
Plane # be taken into account.

Signal: small clusters Npjts < 4 in both X and Y view

Background: large clusters Npi:s > 4 (physics background events), or small clusters in
the same view (correlated electronic noise)
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L Detection of supernova neutrino interactions in NOvA

L Reconstruction

Candidate selection: ADC

We find optimal ADC cuts by optimizing S/v/B for 9.6 M model at the 10 kpc

distance:

mmm Signal o
- H
g 104 [ Background %
£ ' g 1w
p 5
© ] 10*1
il
< c
c -2
5 g10
5 £
2 2107
2 i
o w10
g
E %105
o O

10-°
0 500 1000 1500 2000
Cluster ADC

-' Signal
[ Background

0 500 1000 1500 2000
Cluster ADC

And remove candidates close to the detectors’ borders, to reduce external background:

Cut Near Detector

Far Detector

ADC range [280, 1430]

8 < Xcell <88
Fiducial volume 8 < Yecell <88
8 < Z plane < 184

[230, 910]

16 < X cell < 368
16 < Y cell < 360
8 < Z plane < 888
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LDetectiDn of supernova neutrino interactions in NOvA

L Reconstruction

Removing time-correlated groups

Signal candidates should be uncorrelated on short timescales.
Background candidates produced by the atmospheric events, atmospheric showers etc.
produce groups of candidates at the same time.

N
o
o

Before removal
—— After removal

100

candidates/5ms

o

time, s

We reject any pair of interaction candidates with timestamps closer than 250 ns.

This rejection produces a dead time less than 0.15%.

This significantly decreases the variation of the background candidates in time so that
the background level follows a Poisson distribution.
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LDetectiDn of supernova neutrino interactions in NOvA

L Reconstruction

Selection results

Cut Background Signal
Npg /s € Nsg /s €
Reconstructed clusters  322811.99  100.00% 316.24  100.00%
§ X and Y hits 231866.53 71.83% 145.16 45.90%
§ Nhpirs < 4 310010.78 96.03% 315.06 99.63%
8 Fiducial Volume 172281.67 53.37% 118.45 37.46%
L‘E ADC cut 25879.67 8.02% 216.38 68.42%
Total 2483.21 0.77% 86.64 27.40%
Reconstructed clusters 403.95 100.00% 3.16 100.00%
:S: X and Y hits 215.64 53.38% 2.19 69.35%
g Ny <4 39481  97.74% 3.15  99.67%
e Fiducial Volume 68.10 16.86% 1.49 47.23%
8 ADCcut 2430  6.02% 273 86.29%
Total 0.52 0.13% 1.28 40.43%

The signal events correspond to the first second of a 9.6 M model at 10 kpc distance.
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LDetectiDn of supernova neutrino interactions in NOvA

L Reconstruction

Selection results

100 W% SN from 9.6M, @ 10 kpc
[ SN from 27M, @ 10 kpc
80 The background suppression, reconstruction and selection of
o neutrino interaction candidates allowed to reduce
=
g background rate
s 40 .
3 m Far Detector: from about 75 x 10° hits/s to
20 2500 cands/s
. m Near Detector: from about 7 x 10° hits/s to
o A 0.52 cands/s
4 Remaining signals:
35 w 3
- ——- Signal from 27M, IH @ 10 kpc =
230 o 2 a00 { —— Signal from 27Mo NH @ 10 kpc |[ 6%
. o e ] -=- Signal from 9.6M IH @ 10kpe || 2
3 . w“ ey A —— signal from 9.6M o NH @ 10 kpc |[ 4 &
€20 <200 { IA ~ Simple" parametrization <
s e t omeaSTSTaee 25
£15 g e T 9
g L H seee g
810 . 0 == 0
0 1 2 3 4 5
5 ® Time, s
.
0 rd
0 10 20 30 40 50 60
o+, MeV
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Lsn,

ape analysis method

Plan

Shape analysis method
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Lsn,
\

‘— Introduction

ape analysis method

Goal of statistical analysis

Input data from the candidates selection: time series

n; = b; +s;
25 Signal from 9.6M S @ 5.0 kpc —— Sg+Bg candidates
£ i —— Bg candidates
020 e | ! . _
g [Lidat | lem‘i" iy I Sg candidates
£1s PO A R | AR | I
b
510 [ i ]
2
E |
g

o w

30 35 40 45

ask

m determine the presence of a SN signal the data {t;},

m determine the starting time t* and the significance z of this signal.

As this is method for low-latency processing:
m Robust and simple calculations of signal significance

m Avoid scanning through all the signal parameters (models, progenitor mass,
distance, neutrino mass ordering)

m Scan the signal starting time t* parameter
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LShape analysis method
L Introduction

Hypothesis test

The triggering system needs to distinguish between the “background only” Hp and
“background+signal” H; hypotheses, using data i = {n;}.
m In general: a test statistic function £(7) to discriminate Hp vs. Hj.
m The signal significance is characterized by p-value:
oo
p(6) = [ P(E 1) at
¢

m For convenience this can be converted to a z-score: z(£) = ®~1(1 — p(£)),
where ®(x) — cumulative standard normal distribution.

z-score is equivalent to that derived in Gaussian statistics as the number of sigma
away from the mean

Trigger fires if significance exceeds threshold (whatever definition we use):

[ a = 1/week ] — [ Penr = 8.267 -10~9/5ms ] — [ Zipr = 5.6450 ]
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LShape analysis method
L Choice of the test statistic function

Counting Analysis (CA)

Common approach for SN detection: count the number of events n in a time window
[t*, t* + At]:
Cea(t™, At {t;}) =n=) w(ti—t*,At),
i

where w(t, At) is a window function

1, te0,At],
0, otherwise.

w(t, At) = {

Advantages: Disadvantages:

m Simple and robust ® Maximal £ca around signal

m Independent of signal models maximum, not starting

m P(£calHo) is Poisson distribution
around expected background m Optimal At defined by optimizing
5/\/§ so need several windows for
distance/models/detector conditions

m Low time precision (defined by At)

m Suboptimal for high background case
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LShape analysis method
L Choice of the test statistic function

Example: counting analysis on toy data

N events in 10s
N

Single event at t=0

N events in 10s
~N
]
-

% . S 1 1K

1 -i Cluster of 3 events with a delayed event

s

N events in 10s.
N
1
|

Same + 1 background event

=15 -10 -5 0 5 10
window start time, t~*, seconds
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LShape analysis method

L Choice of the test statistic function

Example: using expected signal shape information

Single event at t=0

P of SN start, A.U.

P of SN start, A.U.

1 Same + 1 background event
1
L
v
1
)
(PN

\ . -
0 5

window start time, t*, seconds

P of SN start, A.U.
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LShape analysis method
oice of the test statistic function
L Choice of the test statistic functi

Shape Analysis (SA)

It's possible to maximize the discrimination for a specific signal model by using the log
likelihood ratio:

. _ . PUti}HL) S(ti —t*)
tsa(t”, {ti}) = log 5~y (e} Fo) Z' ( W),

where B(t) is the background event rate, and S(t) is the expected signal event rate
over time, relative to supernova start time t*.

If events are grouped in time bins with edges { T;} and number of events {n,}, £ is a
sum over time bins:

N =S o S(Tk—t7)
esA(t,{k})—Xk: K 'g(1+ B(Ty) )

SA approach is equivalent to CA if the expected signal shape is chosen to be a
constant within a counting window: S(t) ~ w(t, At).
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LShape analysis method
L Test statistic distribution

Test statistic distribution

Say we have observed n events with timestamps {t;} within time window At.
Hypothesis H predicts event rate r(t), and total rate in window R

We need to know P(£|H) in order to calculate significance.
Test statistics in CA and SA are additive functions of data: {t;}: £({t;}) = >, €(t;).

It allows us to express P(£|H) as an inverse Fourier transform via the characteristic
function of single event ®(z) = F{P(¢|1, H)} and predicted total rate R:

P(t|H) = F~1 {FloG)-11}

®(z) can be computed numerically.
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LShape analysis method
L Test statistic distribution

Combining experiments

In case of multiple experiments each using their own test statistic functions {£,(t)},
their combination is nontrivial.
But for the case of SA, LLRs are additive, and we can define a joint test statistic

Nexp Nexp
Leomb = ZZH({tIn}) = Z Zﬁn(tin)v
n=1 n=1 i

Each experiment has its ®, and R;, so the £.omp distribution is

Nexp

P(tcomp|H) = F 7+ 4 T exp (Ral®n(2) — 1])
n=1
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LShape analysis method

LExampIe
Example

25 foata — Event timestamps

220 i Event rate A(0) Preparation steps:

Define the B(t) and S(t).

g10 l .

@ I 1 ll 1 | l 1 Compute the single event
" ; ; distribution P(¢|1, Hp), and

5 {Tesotatate its Fourier image ®(z).

—— Counting analysis N(t)
= Shape analysis LLR(t)

s

Calculate the test statistic

8
g = distribution P(¢|Ho).
3
1 % ) For each assumed SN starting
0 0 time t*:
g [ e B Calculate £(t*, {t;})
3 Evaluate the significance z

: using P(¢|Ho)
' Jéh Implemented as python package:
5 10 15 20 Andrey Sheshukov 2021

Time, s

Note

SA is more complicated than CA. But preparation steps should only be done when B
changes; in NOvVA: every 10 min.

38/78



Analysis of neutrino interactions for the search of supernova signals

LShape analysis method
L

‘— Example

Toy example: BUST

Detector specifications from

Novoseltsev et al. 2020 z =015 cvents
= D1: m=130t,
bg = 0.0207s71, 2
Einr = 8 MeV .
m D2: m=110t, j mD2: 12 events
bg =0.12571, £
Einr = 10 MeV g2
m D3: m=100t, ol i 1
bg =14 S_l, Ethr = 8MeV > == D3: 87 events
Supernova model with 27 Mg, at £
30 kpc. 22
Toy MC — sampling the event ;
timestamps - o e since signlsart, seconds > “
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Lsn,

ape analysis method

L Example

Counting analysis: N events in 20s window

= D1:5events |

rad
I
l3e
c
28
A
rl=z
0
9 = - b1
® L — [ = D2 12 events | -
i 2
| I
<
8
2
§
g
A
14 I =
s
E AN = D3: 87 events | °
J’.‘\ I
44 vt v g
31 =
pLE 1 £
21 g
A
1 F102
0 0
-20 -15 -10 -5 0 5 10 15 20

Assumed signal start, t*, seconds
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Lsn,

ape analysis method

L Example

Counting analysis: significance

N DI1:5events

B D2: 12 events

ta

Assumed signal start, t*, seconds

mmm D3: 87 events

Significance, o Significance, o

Significance, o
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Lsn,

ape analysis method

L Example

Shape analysis: significance

51 = D1:5events [ 6
44 o
ta o
>
. b2 &
Py I___, ucE;
1] H to @
1
0 L -2
5 4
[} mm D2:12events 4
o
g
g
2
5
S
H
S
2]
)
g
g
2
5
S
s
)
2

Assumed signal start, t*, seconds
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sh
LExampIe

ape analysis method

Shape analysis: joint analysis of several detectors

Joint analysis of detectors

10
D1+D2
6 —— D1+D2+D3

S)

g

g

]

H

2

a
-4 i |
-6+ | I m i | L
el L LRI L el I O 11T A T
-20 =15 -10 =5 0 5 10 15 20

Assumed signal start, t*, seconds

m Significance is much higher
® Including D3 makes the peak more pronounced — using more information

m Precise detection of the signal starting time
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Plan

B Supernova neutrino triggering system in NOvA
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Lsy

pernova neutrino triggering system in NOvA

L System infrastructure

Scheme of SN detection system

An extension of usual DDT processing infrastructure.

Far Detector

> to SNEWS

Sove o e
ftoti]

Near Detector

598611 J010019p 55010

“Giobal Trgger

r - ]K‘Z“" -

Sove s

ot

—
(e -

Modules in each of DDT Processes perform:

SNEWS

= Monitoring the channels activity to update noisy
channels mask every hour (one process per
detector).

m Background tagging, clustering, candidates
selection as described in section 2

m Sending resulting number of candidates n; per
5 us to ZMQ socket.

SN Processor module receives the neutrino candidates
rate n; and performs

m Buffering, filtering (removing unstable data)

m Calculation of the SN significance using Shape
Analysis

m |dentification of the SN signal starting time t*.

When the SN significance exceeds threshold, sending
signal to

m Data Logger to save the 455 of data around t™*.
m Another detector, to save the data

m SNEWS server to provide other experiments with
early warning

Main design goal of the system: flexibility, sustainability, minimal latency
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LSupemova neutrino triggering system in NOvA

L Latency

Latency

Supernova neutrino triggering system in NOvA

The system needs to be low latency to act as early warning] Approximate latency for
processing each 5 us milliblock on Far Detector

Processing step Where | At,s
Readout and write to buffer DAQ 3.5
Reconstruction and selection DDT 5
Accumulate ten milliblocks DDT 8.5
Accumulate 1s continuous data GT 18
Analyze 5s of data GT 5

Processing and waiting delays are almost negligible for Near Detector.
Maximal delay (timeout) 60s is reached when some data is lost.

0.25 T =3935 TGe=5575

7
. 0.20 6
5 3
3 3
2 3°
‘@ 0.15 @
2 2
o T4
£ :
2z z
3 0.10 z3
2 3
2 8
& 22
0.05

1

35 40 45 50 55 60 52 53 54 55 56 57 58 59 6.0
FarDet processing delay, s NearDet processing delay, s
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pernova neutrino triggering system in NOvA

L Latency

Latency in SNEWS

— SNEWS
99.2% efficient
50% (of issued triggers) - NOVA near
7 N NOVA far
L . — Super-K
£, 90% — - lceCube
£ 10 F --.- KamLAND
2 --- HALO
2 0 oSN /0 AN\ o KM3NeT
S107¢F
o
a
107}
107 =

1 10 10
Time since supernova (minutes)

NOVA is now a member of SNEWS with one of the lowest trigger latencies.
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pernova neutrino triggering system in NOvA

L Commissioning

Commissioning

Supernova neutrino triggering system in NOvA

During the 318 day commissioning period from October 1, 2018 to August 15, 2019,
the NOVA Far Detector triggering system issued 71 supernova triggers.

—— Random alerts

§1° ---. Trigger bursts
N 1
g !
83 . !
= H 1 i
Wi H

0 11 | H T T I I T I I Y NS NNNE '.h III o

O N 2 13 L > B X © 51 ®
,LS\WX ,LQ\%A‘ 10@.\, 16»9.0 ,LS\WQ ’L“xgﬁ 10&9.0 10_\9,“ ,LQ'\QD .LS\WQ 16\9,0

Timestamp
24 triggers concentrated in three bursts, Remaining 47 triggers have average rate
caused by: 1/(6.77 £ 0.98 days)

m Partial detector data
about 10 min synchronization failure
after run restart.
Solution: Filter incomplete data
from the analysis

2018-10-01 — 2019-08-15
T=6.59+0.96 days

©

o

Triggers / 1day
[N
| o— &
—e—/
— -
o
=

m Noise channel map updates failure | | ‘ele " + +
Solution: additional monitoring of 0 s 10 15 20 25 30 35 40

the channel map updating process. .  Time since last trigger, days
Consistent with design goal 1/7 days

o
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pernova neutrino triggering system in NOvA

L Commissioning

Summary

m A supernova detection system based on NOVA detector data was created and
launched, based on the developed reconstruction and selection procedures and
statistical processing method.

B The system has a maximal latency of 60s

m The system has been running on the detectors since November 1, 2017. The
triggering events of the system have been studied and are in line with the
expected false alarm rate due to statistical background fluctuations.

m The NOvVA experiment is a full member of the network and is capable of sending
supernova alerts to the SNEWS network. The existing infrastructure is optimized
for future modifications that will be required in the development of SNEWSv2.0.

m The low latency of the NOVA supernova triggering system reduces the overall
latency of SNEWS network for detecting the supernova signal.

Results published in Acero et al. 2020; Kharusi et al. 2021
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LNOvA's sensitivity to supernova signals

Plan

NOVA’s sensitivity to supernova signals
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L_NOVA's sensitivity to supernova signals

L Trigger system sensitivity

Example of SN signal detection

Significance, o candidates/5ms
|

Significance, o

Significance, o

—

—
NONBAO®O NONRO®O O

—

NON SO ®O

T

Signal from 9.6M, SN @ 5.
‘ 1§

0 kpc

I

—— Sg+Bg candidates
Bg candidates

Expected signal:
| [Model independent

Maximum =8.12 0

Threshold

Expected signal:
SN from 9.6M o

Maximum = .9.25.0 .

Threshold

M TN

Expected signal: Maximuny =-8:77 0-)
SN from 27M o H
Threshold
0 5 10 15 20 25 30 35 40 45
Time, s
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L_NOVA's sensitivity to supernova signals

L Trigger system sensitivity

Significance vs. distance in NOvA detectors

10
9.6Me, 27Mo Expectea sgnal
5.56 kpc 10.32 kpc Model ndependent 15
8
N
Fel
5 sy,
£ [umour _
H
& * e
&
2
0
10
9.6M0 27Mo Erpectea sona!
6.23 kpc 10.58 kpc SN fom 5.6t sar
8
N
g6
g
2 -
o .
& * Taminite
&
2
0
10
9.6Mo 27Mo cxpected s
5.91 kpc 1120 kpe SR
8
N
g6
§  [HEEE
£ [uheer _ )
5 H
& Tirute — —
&
2
0
o 2 4 6 10 12 14 16

8
Distance to SN, kpc
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LNOvA's sensitivity to supernova signals

L Trigger system sensitivity

Efficiency vs. distance in NOvA detectors

Far Detector

100%

27M

75%

Expected signal:
Model independent 1s

50%

efficiency

25%

0%
100%
75% | 27M

50% 6.23 kpc 10.58 kpc

Expected signal:
SN from 9.6M , star

efficiency

25%

0%
100%

75% 27M

Expected signal
SN from 27M , star

\11 0.kpc

50%

efficiency

25%

0%

o
N
IS

6

8 10 12 14 16
Distance to SN, kpc
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LNOvA's sensitivity to supernova signals

L Trigger system sensitivity

Efficiency vs. distance in NOvA detectors

Near Detector

100%
75% 27M

Expected signal:
50% 3.96 kpc \ 7.27.kpc

Model independent 1s

efficiency

25%

0%
100%

75%

Expected signal:
SN from 9.6M , star

7.92 kpc

50%

efficiency

25%

0%
100%

75%

Expected signal
SN from 27M , star

50% 8.08 kpc

efficiency

25%

0%

8 10 12 14 16
Distance to SN, kpc
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[ NOVA's sensitivity to supernova signals

LTrigger system sensitivity

Probability to detect galactic supernova

8

SN from 9.6 M, star SN from 27 M, star
£=25%
£=50%

S

SN candidates
density

2

H

Probability density, 1/kpc

8

10 15
Distance from sun, kpc

m NOvA's sensitivity covers the
galactic center.

m This sensitivity is defined by Far
Detector. Using Near Detector in a
cross-detector trigger mode doesn’t
affect the sensitivity much.

; : o o m Current system configuration has a

Soparsec high threshold, defined by SNEWS
requirements.
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L Near+Far detectors combined sensitivity

Alternative triggering system configuration

Lower detection threshold z =5¢
Combine measurements of Near+Far detectors using Shape Analysis
Take into account MSW effect on the neutrino signal

Study the dependency of the significance on expected signal choice
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L Near+Far detectors combined sensitivity

Signal shapes

‘ Near detector ‘ Far detector
Nog /5 0.52 248321
Neg (9.6 M) NH 1.45 103.26
Neg (9.6 M) IH 1.81 130.34
Nsg (27 M) NH 4.08 295.69
Nsg (27Mg) IH 3.58 260.03

Table: Background and signal event numbers for the NOVA detectors during the first second of a
simulated supernova. Signal rates are based on the Garching group simulations Mirizzi et al. 2016
with two progenitor masses at 10 kpc distance, for both normal (NH) and inverted (IH) neutrino
mass hierarchies.

w i
= ——- Signal from 27M,, IH @ 10 kpc —
Ba00{ —— Signal from 27M, NH @ 10 kpc |[ %
% " V.. —=- Signal from 9.6M, IH @ 10 kpc %
w - —— Signal from 9.6M, NH @ 10 kpc 4 g
c \ . : "
= 200 = = "Simple" parametrization c
8 ——— 25
c | PSSz T—Toe-o e
0 |  T—==smraao————c-co--oo____ o
a |y e e >
0 —_—— " ow
0 1 2 3 4 5
Time, s

We also consider a “simple” parametrization, that roughly describes the signal tail:
S(t) ~ (1 — e~ t/m0). et/
where 79 = 0.2, 71 = 258
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L Near+Far detectors combined sensitivity

Joint Near+Far sensitivity

Significance, o

-20 -15 -10 -05 00 05 10 15 20 8 9 10 11 12 13 14 15 16

Time to supernova, s Distance to supernova, kpc

Metric Model Near detector Far detector Far+Near
CA SA CA SA Joint SA

Distance (¢ = 50 %), kpc 27TM¢) H 7.08 8.58 10.13 11.27 12.36
27Mg NH 7.56 8.70 10.80 11.81 12.85

9.6Mg IH 5.03 6.10 7.17 8.02 8.80

9.6Mg NH 4.50 5.47 6.38 7.18 7.89

Zmean at 10kpc, o 27Mg H 2.88 3.95 5.12 6.24 7.47
27Mg NH 2.88 4.05 5.82 6.87 8.06

9.6Mg IH 1.30 2.29 2.58 3.00 3.95

9.6Mg NH 1.30 1.92 2.04 2.30 3.20
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L Near+Far detectors combined sensitivity

Estimating supernova signal start time

Significance z(t*) measures goodness of fitting given data with a signal, starting at

time t*.

ty. = argmax z(t*, {t;})
o

is an estimator for the actual starting time for the signal.

Strwn=9+23% ms

075 { < M
B 050
E

o025

0.00

2

SA:simple

dN/dt

°

2 { smoam.

dN/dt

-15 -1.0 -05 0.0 0.5 1.0
t

rec = liruer

Figure: Distribution of the supernova start time

estimation error t, .. — t, . for the simulated

samples of neutrino interactions from
9.6 Mo NH at d = 10 kpc distance in the
NOVA far detector.

We estimated time precision using Full
Width at Half Maximum (FWHM) of the
distributions for all combinations of
expected and received signals.

Taking into account signal shape gives a
~ 5 times improvement in timing
precision, even for a simple model.
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L Near+Far detectors combined sensitivity

Expected signal model dependency

Analysi Input model
alysts 27TMg IH  2TMg NH  9.6Mg IH  9.6Mg NH
cA 10.13 10.80 7.17 6.38
g - simple 11.14 11.34 7.92 7.10
<~ & 2tMg H 11.27 11.62 7.96 7.14
& & 2TMg NH 11.13 11.81 7.75 6.95
s % 9.6Mg IH 11.19 11.38 8.02 7.16
I 9.6Mg NH 11.21 11.40 8.01 7.18
b A 7.08 756 503 750
S g simple 8.56 8.62 6.10 5.49
g 9 27Mg H 8.58 8.66 6.09 5.49
g § 27Mg NH 8.50 8.70 6.00 5.41
A Z 96MgIH 8.50 8.57 6.10 5.48
9.6Mg NH 8.49 8.58 6.08 5.47
cA 5.12 5.82 2.58 2.04
. simple 6.01 6.23 2.87 2.23
s & 27Mg IH 6.24 6.64 3.04 241
s & 2TMg NH 6.09 6.87 2.88 228
s % 96MyIH 6.08 6.30 3.00 2.33
S 9.6Mg NH 6.08 6.30 2.95 2.30
2 A 2.88 2.88 130 130
s w  simple 3.93 3.98 227 1.90
g 4 2tMg H 3.95 4.01 2.26 1.90
N §  27Mg NH 3.91 4.05 2.24 1.88
Z  9.6Mg H 3.90 3.96 2.29 1.92
9.6Mg, NH 3.90 3.96 2.29 1.92
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L Near+Far detectors combined sensitivity

Summary

m Current NOVA triggering system is sensitive to the supernova neutrino signal at
up to 6.2 kpc for a star with a mass of 9.6 M and up to 11.2 kpc for a star with
a mass of 27 M.

m For the NOVA case, using the SA increases the maximum range of supernova
detection by 1-1.5 kpc (for different supernova models) compared to the CA. The
combined mode of near and far detectors will increase the detection range by
another 1-1.5 kpc, compared to the individual detectors.

m The advantages over the standard event counting method are retained even when
a simplified analytical waveform is used.

m Using SA increases precision of SN starting time by factor 5.

Results published in Acero et al. 2020 and A. Sheshukov, Vishneva, and Habig 2021.
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LDetectiDn of presupernova neutrino signal

Plan

[@ Detection of presupernova neutrino signal
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LDetectiDn of presupernova neutrino signal

L Presupernova detection

Detectors
KamLAND SK-Gd
m 1kt liquid scintillator m 220t (fiducial mass) liquid m 50kt water Cherenkov detector
0 (BB e dlbyed cefiits scintillator. with Gadolinium.
. . m |IBD as delayed coincidence. m |IBD as delayed coincidence,

m Applies series of cuts and s " -
likelihood-based selection m Had DSNB search Agostini detectinp e
Asakura et al. 2016 et al. 2021, can be applied to Eonty B i

presupernova. m Efficiency defined by the

" P_ro‘_",des 8 [IEEIRESE . . o selection criteria Simpson et al.
significance every 15 minutes m Detection efficiency 85 % 2019

(neutron capture):

100

—— KamLAND ~—— Borexino —— SK-GdDC === SK-Gdn

80
= Odrzywolek
Patton

Kato

60

Efficiency, %

40

20

IBD interactions in last 12 hours, a.u.
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LDetectiDn of presupernova neutrino signal

L Presupernova detection

Expected signals and background

—— 0dr 15M, @ 0.2kpc NH —— Pat 15M, @ 0.2kpc NH —— Kato 15M, @ 0.2kpc NH
=== 0dr15M, @ 0.2kpcIH --- Pat15Mo, @ 0.2kpcIH ==-- Kato 15M, @ 0.2kpc IH

Events/h in KamLAND

Time to supernova

Nsg in the last hour before SN

Detector Npg /hour Time window

Katol5 Odr15 Pat15
Borexino 3.95(0.705)  1.15(0.327)  2.11(0.5)  0.0014 48 hours
KamLAND 713 (1.19) 2.4 (0.681) 439 (1.0)  0.0029 48 hours
SK-Gd DC 86.6 (17.5) 15.7 (4.45)  29.7 (8.13) 1 12 hours
SK-Gd neutron  42.5 (7.05) 148 (4.21) 268 (6.09) 55 12 hours

Table: Presupernova neutrino event rates during the last hour before the supernova for the three
neutrino flux models at a 200 pc distance and normal (inverted) neutrino mass hierarchy
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LDetection of presupernova neutrino signal

L Counting vs. shape analysis

Significance vs. time

T KamLAND T Borexino

Significance, o
. N oW @

°

SK-Gd DC

== Counting
Shape

4d 2d 1d 12h 6h 3h 1h 10m 4d 2d 1d 12h 6h 3h 1h 10m
Time to supernova Time to supernova

Figure: Expected significance for the various detectors using counting (dashed line) and shape
(solid line) analyses for the Odrzywolek NH model at 200 pc distance vs. the time to supernova.
The filled regions show the 68 % band of significance value.
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LDetection of presupernova neutrino signal

L Counting vs. shape analysis

Significance vs. distance

KamLAND Borexino

Significance, o
. N oW @

°

~

01 02 03 04 05 06 07 08 09 1001 02 03 04 05 06 07 08 09 10
Distance to supernova, kpc Distance to supernova, kpc

Figure: Expected significance for the various detectors using counting (dashed line) and shape
(solid line) analyses for the Odrzywolek NH model 1 minute before the supernova explosion vs. the
distance to supernova. The filled regions show the 68 % band of significance value.
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LDetectiDn of presupernova neutrino signal

LCounting vs. shape analysis

Sensitivity regions

KamLAND Borexino
g === 50% CA === 90% CA === 99% CA
< —— 50% SA —— 90% SA — 99% SA
H
£
@
a
B
2
s
@
S
<
o)
2
a
2d 1d 12h 6h 3h 1h 10m im 2d 1d 12h 6h 3h 1h 10m 1m
Time to supernova Time to supernova
SK-Gd DC SK-Gd n
350
9
a
g 300
3
£
g 250
1
a
£ 200
@
S
e
8150
2}
a
100
2d 1d 12h 6h 3h 1h 10m 1m 2d 1d 12h 6h 3h 1h 10m im

Time to supernova Time to supernova

Figure: Presupernova detection reach vs. time to supernova and supernova distance with 50 %,
90 % and 99 % efficiency. The solid and dashed lines show the results of shape and counting
analyses, respectively. Odrzywolek NH model is assumed for both expected and received signals.
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LDetectiDn of presupernova neutrino signal

L Results

Separate vs. joint analyses

——- KamLAND = KamLAND+Borexino
—-= Borexino = SK-Gd DC+n
—=—- SK-Gd DC m— All combined
—-= SK-Gd n
400

o 350

a

g

© 300

£

o

Q

3 250

]

g

2 200

S

0

B 150

100 4
2d 1d 12h 6h 3h 1h 10m im

Time to supernova

Figure: Presupernova detection reach with 90 % efficiency for the shape analyses for the individual
detectors (dashed, dashdot lines) and their combinations (solid lines). Odrzywolek NH model is
assumed for both expected and received signals. 68/78
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L Results

Summary

m Shape analysis method is general enough to be applied for the presupernova
neutrino signal.

m The sensitivity to such a signal for detectors KamLAND, Borexino and SK-Gd
and their combinations is estimated.

m Shape analysis method gives advantages over the counting analysis: in the range
of detection and in the time from the detection of the neutrino signal to the
beginning of the collapse of the supernova core.

m For the KamLAND experiment and the significance threshold of supernova
detection at 5sigma: the maximum detection range increases by 20—60 pc and
the time from detection to supernova outburst at 200 pc increases by
30-120 minutes, depending on the signal model.

m The overall sensitivity of the system increases even when adding an experiment
with relatively low sensitivity. For example, for one of the considered signal
models, the time from detection to supernova flare for the KamLAND-Borexino
system is 500 min, significantly larger than the 239 min (KamLAND) and 21 min
(Borexino) for these experiments separately.

m Obtained results don’t have a strong dependency on the choice of the signal
model.

Results published in A. Sheshukov, Vishneva, and Habig 2021
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L Summary

Plan

Summary
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L Summary

L Main results of this thesis

Main results of this thesis

A procedure for reconstruction and selection of neutrino interactions from
supernovae in the Far and Near detectors of NOVA experiment has been
developed. This selection procedure allowed to increase signal to background
ratio by factor 35 for the Far Detector and by factor larger than 300 for the Near
Detector, assuming a 9.6 M progenitor supernova at the distance of 10 kpc.
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L Main results of this thesis

Main results of this thesis

A A dedicated statistical Shape Analysis method was developed and applied for
detecting neutrino signals from a supernova.
The method makes is applicable both for individual detectors and for the mode of
joint detection in several detectors or experiments in real time or with minimal
delay.
For the NOVA case, the method increases the maximum range of supernova
detection by 1-1.5 kpc (for different supernova models) compared to the standard
Counting Analysis approach. The combined mode of near and far detectors will
increase the detection range by another 1-1.5 kpc, compared to the individual
detectors more.
The advantages over the standard event counting method are retained even when
a simplified analytical waveform is used.
The software package that implements the this statistical method is publicly
available and can be used in other experiments.
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L Main results of this thesis

Main results of this thesis

A supernova detection system based on NOvA detector data was created and
launched, based on the developed reconstruction and selection procedures and
statistical processing method.

NOVA is sensitive to the neutrino signal from a supernova at up to 6.2 kpc for a
star with a mass of 9.6 M and up to 11.2 kpc for a star with a mass of 27 M.
The system has a maximum signal detection latency of 60s.

The system has been running on the NOVA near and far detectors since November
1, 2017. The triggering events of the system have been studied and are in line
with the expected false alarm rate due to statistical background fluctuations.

@ Integration of the NOVA experiment into the global supernova search system
SNEWS. The NOVA experiment is a full member of the network and is capable of
sending supernova alerts to the SNEWS network. The existing infrastructure is
optimized for future modifications that will be required in the development of
SNEWSv2.0. The low latency of the NOVA supernova triggering system reduces
the overall latency of SNEWS network for detecting the supernova signal.
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Main results of this thesis

H The developed statistical method has been applied to search for the presupernova
neutrino signal. The sensitivity to such a signal for detectors KamLAND,
Borexino and SK-Gd and their combinations is estimated.

Shape analysis method gives advantages over the standard method of counting
events in the time window: in the range of detection and in the time from the
detection of the neutrino signal to the beginning of the collapse of the supernova
core.

For the KamLAND experiment and the significance threshold of supernova
detection at 5sigma: the maximum detection range increases by 20-60 pc and
the time from detection to supernova outburst at 200 pc increases by

30-120 minutes, depending on the signal model.

The feasibility of using a combined analysis for several experiments is shown: the
overall sensitivity of the system increases even when adding an experiment with
relatively low sensitivity. For example, for one of the considered signal models,
the time from detection to supernova flare for the KamLAND+-Borexino system is
500 min, significantly larger than the 239 min (KamLAND) and 21 min (Borexino)
for these experiments separately.
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The main results of this work were reported in the international conferences,
workshops and seminars:

2]
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=

“Supernova neutrino detection in NOVA experiment” (poster), 27th International Conference on Neutrino
Physics and Astrophysics (Neutrino 2016), London, Unighted Kingdom, July 2016

“Detection of the galactic supernova neutrino signal in NOvVA experiment” (poster), 35th International
Cosmic Ray Conference (ICRC 2017), Busan, South Korea, July 2017

“Trigger system and detection of Supernova in the NOVA experiment” (talk), 26th Symposium on Nuclear
Electronics and Computing (NEC 2017), Budva, Montenegro, September 2017

“Detection of Galactic Supernova Neutrinos at the NOvA Experiment” (poster), 28th International
Conference on Neutrino Physics and Astrophysics (Neutrino 2018), June 2018

“Supernova neutrino signal detection in the NOVA experiment” (talk), Workshop on Statistical Issues in
Experimental Neutrino Physics (PHYSTAT-nu 2019), CERN, Switzerland, January 2019

“Supernova triggering and signals combination for the NOvA detectors” (talk), SNEWS 2.0 workshop:
Supernova Neutrinos in the Multi-Messenger Era, Sudbury, Canada, 2019

“Detecting neutrinos from the next galactic supernova in the NOVA detectors” (talk), Conference on
Neutrino and Nuclear Physics 2020 (CNNP2020), Cape Town, South Africa, Febaruary 2020

“Galactic Supernova Neutrino Detection with the NOvA Detectors” (poster), 29th International Conference
on Neutrino Physics and Astrophysics (Neutrino 2020), online, June 2020

“NOVA in 10 minutes” (talk), Conference for young researchers in the Fermilab community (New
Perspectives 2020), online, July 2020

“Neutrino signals of the next galactic supernova” (talk), JINR Association of Young Scientists and
Specialists (Alushta 2022), Alushta, Russia, June 2022

“SuperNova Early Warning System v2.0" (poster), 6th International Conference on Particle Physics and
Astrophysics (ICPPA 2022), November 2022
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Expected signal model dependency
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Figure: Presupernova detection reach with

90 % efficiency for the various received signals,
using the shape analyses with various expected
signals (solid and dashed lines) and the
counting analysis (dotted lines)
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Table: distance

Experiment Analysis Katol5 Odr15 Patl5
IH NH IH NH IH NH
Borexino CA 93.8 180.9 112.5 211.1 112.9 203.4
SA 108.5 216.2 134.0 251.4 134.1 245.9
KamLAND CA 125.4 242.7 151.5 284.1 152.5 274.9
SA 146.2 293.1 182.1 341.6 183.3 336.2
SK-Gd DC CA 122.3 236.2 155.2 201.1 150.5 2721
SA 170.9 345.0 188.8 354.3 180.5 336.8
SK-Gd n CA 82.4 167.4 117.7 220.8 119.4 218.8
SA 120.4 265.0 146.0 273.9 145.9 282.6
Borexino+KamLAND Joint 169.9 339.9 211.0 395.9 212.0 388.9
SK-Gd DC+n Joint 181.3 375.5 206.0 386.5 199.8 377.9
All combined Joint 214.5 439.8 250.9 471.0 246.6 461.0

Table: Comparison of the performance of the presupernova detection for the considered detectors
using the counting analysis (CA), shape analysis (SA), and for the detector combinations using the
joint shape analysis (Joint). Detection threshold is 5 o. The numbers show d(50 %) — maximal
supernova distance (in parsecs) with 50 % detection efficiency
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Table: prediction time

Experiment Analysis Katol5 0Odr15 Pat15
IH NH IH NH IH NH
Borexino CA - - - 20.67 - 1.92
SA - 2.48 - 112.80 - 39.83
KamLAND CA - 16.89 - 239.25 - 183.18
SA - 47.75 - 355.11 - 285.07
SK-Gd DC CA - 3.04 - 127.69 - 51.05
SA - 8.57 - 149.22 - 130.97
SK-Gd n CA - - - 46.73 - 9.25
SA - 5.39 - 118.03 - 61.46
Borexino+KamLAND Joint - 280.89 12.82 500.34 7.39 408.41
SK-Gd DC+n Joint - 13.65 2.40 212.30 - 199.52
All combined Joint 2.08 84.13 100.66 431.33 26.53 379.01

Table: Comparison of the performance of the presupernova detection for the considered detectors
using the counting analysis (CA), shape analysis (SA), and for the detector combinations using the
joint shape analysis (Joint). Detection threshold is 5 o. The numbers t(50 %) — amount of time
to supernova (in minutes), when the presupernova signal is detected with 50 % efficiency from a
200 pc progenitor distance.

4/5



Analysis of neutrino interactions for the search of supernova signals

Table: significance

Experiment Analysis Katol5 Odr15 Pat15
H NH IH NH IH NH
Borexino CA 1.51 4.80 1.51 5.60 1.51 5.60
SA 2.39 6.12 2.95 6.76 3.01 6.74
KamLAND CA 2.37 7.45 3.35 8.51 3.35 8.51
SA 3.45 > 10 4.50 > 10 4.56 > 10
SK-Gd DC CA 2,51 8.29 3.20 9.81 3.20 9.15
SA 4.85 > 10 4.84 > 10 4.72 > 10
SK-Gd n CA 0.93 4.07 1.86 6.03 1.86 6.13
SA 2.10 > 10 2.79 9.82 2.85 > 10
Borexino+-KamLAND Joint 4.25 > 10 5.45 > 10 5.53 > 10
SK-Gd DC+n Joint 5.21 > 10 5.57 > 10 5.50 > 10
All combined Joint 6.65 > 10 7.68 > 10 7.67 > 10

Table: Comparison of the performance of the presupernova detection for the considered detectors
using the counting analysis (CA), shape analysis (SA), and for the detector combinations using the
joint shape analysis (Joint). The numbers show Zme,n(200 pc) — average presupernova detection
significance (in sigmas) for a 200 pc progenitor distance, 1 minute before the core collapse.
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