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CORE-COLLAPSE SUPERNOVAE

Neutrino emission duration ~ 10 s

MOTIVATION

wledlls,. .
s ‘. "-. /

—
y —

.

-

Many candidates for burst of MeV neutrinos
and other messengers (GW and EM)

BINARY NEUTRON STAR MERGERS' '/ | NEUTRON STAR - BLACK HOLE MERGERS

Neutrino emission duration ~ ms to s

MeV v can help us understand core dynamics from supernovae
and merger processes

) h\ N
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ICECUBE NEUTRINO OBSERVATORY

lceCube Lab
50 m

lceCube Array (86 strings, 5160
optical sensors)

DeepCore (8 strings, tighter
spacing)

Eiffel Tower
(324 m)

Bedrock
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ICECUBE NEUTRINO OBSERVATORY

See Jakob Beise's talk (neutrino physics & astrophysics session 7A)

4
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E o
>
—200
—400

—600—600—400—200 0 200 400 600

X [m]

Short track . . . .
Simulation of single hits observable
length + sparse .
INn the array
detector array
4 R. Cross, A. Fritz & S. Griswold, PoS(ICRC2019)
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https://indico.cern.ch/event/1199289/contributions/5447169/
https://pos.sissa.it/358/889/pdf

SUPERNOVA DATA ACQUISITION SYSTEM

lceCube Preliminary

—— Sukhbold (2015), 27 Mo * A signal will be detectable when
Sukhbold (2015), 9.6 Mg considering the rate increase in the

entire array

 The Supernova Data Acqguisition
(SNDAQ®) continuously monitors the
detector rate, searching for a

Single hit background significant deviation from background

for galactic supernovae or very

bright extragalactic transients.
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Jakob Beise (TAUP 2023 neutrino physics & astrophysics session 7A)
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https://indico.cern.ch/event/1199289/contributions/5447169/

MEV NEUTRINO ALERT RESPONSE

Currently: we cannot use external information to trigger SNDAQ*

New framework will enable external SNDAQ triggering for IceCube’s MeV
neutrino data response, expanding to lceCube’s full energy sensitivity,

enhancing multi-energy and multi-messenger analyses.

FAST RESPONSE
ANALYSIS @
NORTH

EXTERNAL
ALERT

FOLLOW-UP
RESPONSE

SNDAQ @ SOUTH

External alerts POLE
(Gravitational waves /
Electromagnetic)

Latency < 10 min

"Currently we have offline access to MeV data for follow-

with a laten f24-72 hr
TAUP 2023 | NORA VALTONEN-MATTILA | 31.08.23 6 qP alatency o >



MEV NEUTRINO ALERT RESPONSE

Exoaciael Eraqueney of LV alert

L VK RUN O4 Yearly

This framework will respond

gravitational wave alerts classified Expectation

as bursts (supernova candidates)
49 11
and mergers involving a neutron 36J_r22 BNS / 67, NSBH /

star few bursts per year

The system can also be employed for prompt responses to
other alerts involving objects that are potential candidates
for MeV neutrino production
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SENSITIVITY AND DISCOVERY POTENTIAL

1062
- 50 disc. pot. at 10 Mpc

g 1061 IceCube Preliminary — = 50 disc. pot. at 100 Mpc

) 90% UL at 10 Mpc

2 10% 90% UL at 100 Mpc
lceCube has £ 10%
sensitivity to bright 2 10 \«««‘“«««i
extragalactic g 5
transients E; 1056 ....""'"'

(7777757775777 7777

—

-
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FOLLOW-UP APPLICATIONS USING MEV
NEUTRINO DATA

(Not using the realtime framework in development!)



GRB 221009A

* First detected by GBM (Fermi gamma ray
satellite) on the 9th of October 2022.

* One of the brightest gamma ray burst (GRB)

and first >TeV y-rays detected. Bursts this
bright occur only once every 10,000 years!

* Very close GRB (=~ 740 Mpc), or about 20
times closer than average GRB.

Given that GRBs can coincide with supernovae and can

involve accretion disks around black holes, they possess X-ray image of GRB 221009A emission scattering off dust
the potential to generate VieV neutrinos (Williams et al. 2023)

10
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MODELS FOR IN GRB'S

Prior to gamma emission: CCSN neutrinos and fireball production of
thermal neutrinos

Prior and simultaneous to gamma emission: MeV neutrino
production via Neutrino Dominated Accretion Flows

References, see: Wang et al. In: ApJ (2007), 664, 1026-1032, Modjaz et al. In: Nat Astron
(2019), 3, 717-724, Wang & Mészaros In: ApJ (2007), 670, 1247, Morsony et al. In: ApJ
(2007), 665, 569, Liu et al. In: Phys. Rev. D (2016), 93, 123004, Liu et al. In : New
” Astron. Rev. (2017), 79, 1-25, https://iopscience.iop.org/article/ 10.3847/1538-4357/

TAUP 2023 | NORA VALTONEN-MATTILA | 31.08.23 ab2187, Halzen & Jaczko In: Phys. Rev. D (1996), 54, 2779



https://iopscience.iop.org/article/10.1086/519228/pdf
https://www.nature.com/articles/s41550-019-0856-2#citeas
https://www.nature.com/articles/s41550-019-0856-2#citeas
http://www.apple.com/uk
https://iopscience.iop.org/article/10.1086/519483
https://iopscience.iop.org/article/10.1086/519483
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.123004
https://www.sciencedirect.com/science/article/abs/pii/S1387647316300756?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S1387647316300756?via=ihub
https://iopscience.iop.org/article/10.3847/1538-4357/ab2187
https://iopscience.iop.org/article/10.3847/1538-4357/ab2187
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.54.2779

GRB 221009A ANALYSIS

VISthoclology

1. Select search windows / bin size based on physics motivation (from models)

2. Characterize the background through trials on oft-time data
3. Pertorm observation on on-time data
4. Place upper limits if results are not significant

12
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SEARCH WINDOWS FOR GRB 221009A

_J SLIDING 0.5 S Gamma-ray

.- ~ ~" J EOR 1 S TIME ¢ \ / ightcurve
; | ' ‘- , representation
2 DIFFERENT - WINDOWS / \

SEARCHES W | SLIDING 15 }

- | FOR THE
™~} OTHER TIME |
| WINDOWS |

-100 s Ly 17s 18s 174s 175s 190 s
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GRB 221009A RESULTS: UPPER LIMITS

N
o

1 s search

e \We found no indication of
MeV v emission above
background expectation
(p-values ) 0.3)

e Therefore we set upper
imits

O - =
Ul o Ul

Blackbody Flux (cm™2)

O
o

100 200 300
Time relative to tO [s]

Publication: R. Abbasi et al 2023 ApJL 946 L26
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https://iopscience.iop.org/article/10.3847/2041-8213/acc077

CONCLUSIONS

lceCube's low-energy (MeV) neutrino data stream allows for a wide range of analyses of cataclysmic
transients.

Core-collapse supernovae and neutron star mergers are among the sources that can produce thermal
neutrinos along with other messengers, such as gravitational waves and electromagnetic emission.

SNDAQ handles the online data stream and analysis of low-energy neutrinos, forming the foundation
for the fast response analysis system.

The upcoming fast response system will allow for prompt responses to gravitational wave alerts and
other external alerts.

The analysis of GRB 221009A is a prime example of the applications of the low-energy neutrino data
stream and potential follow-up objects with the realtime system.

1
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https://wiki.icecube.wisc.edu/index.php/MeV_Fast_Response_Analysis

SN 2023IXF: UPPER LIMITS
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SNDAQ ANALYSIS

SNDAQ monitors in realtime for a rate increase Au in the detector by comparing the
search bin r to background ; mean and - standard
deviation.

. Npowm e(r; — 1) Npowm
Aﬂ: Aﬂz <>2 GAIM_(Z<>2
=1

A test statistic & is obtained, teling us how significant the detector rate deviation is.
g= 28
OA

18
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MUON RATE / SIGNIFICANCE OF ALERT

Background sources: Atmospheric muons,
thermal noise, radioactive decay

* First pass noise reduction: since a large
fraction of the noise can be approximated
to a Poissonian distribution, we apply a
deadtime at the data acquisition stage.

e Second pass noise reduction: Since we
are still left with noise, we apply a
correction to our test statistic to remove
the atmospheric muon contribution at the
time of the trigger, which narrows the
distribution.

Significance of alert: Using the distribution of
our test statistic, we can determine whether
the triggered search is significant or not

TAUP 2023 | NORA VALTONEN-MATTILA | 31.08.23
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] &, o= 1.45
: E(Q”’. O' - 1.07

counts per bin

Credit: R. Abbasi+, IceCube Collaboration (submitted)



SUPERNOVA HITSPOOL

OFFLINE PROCESSING OF ALERTS

""'Strmgl-lub N DOMHub ) [ —Trigger |

System

Hlts Trugger -+ EventBuilder |
- Hits | Readout

-+ Copy to

e Raw hits are buffered for ~2 weeks.

* This data stream provides us with full 16 LN} ~ Northern

hemisphere

detector information.
* Processing of HitSpool data gives us 50 o S,
full DOM waveform information 24 - _inderes |

/2 hrs after alert. ‘Supernova DAQ: HitSpoolThterface
Rate analysis Time window —

. SN alert ) _hitspool files indexes

I | !
Alert eeeeeeee——

fime win dcm"

Credit: D.Heereman (Thesis, 2015)
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MEV NEUTRINO CROSS SECTION

v %0 .- \"-‘oAf R \"'?“Pb

v.'"*0 v §-CAr == NC v-"'Pb

NC ‘O - cohNC-"Ar —— NC 7-2%pp

AL SARE R

»
A\
4
.
ik
.
.
»
.
.
.
.
.

-

30 40 50 60 80 90 00
-‘Peutrino Energy (Mevs

Credit:_Scholberg In: Annu. Rev. Nucl. Part. (2012), 62, 81-103
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https://www.annualreviews.org/doi/10.1146/annurev-nucl-102711-095006

GRAVITATIONAL WAVES / NEUTRINOS

— = Vo [CCSNe] — Ve [Merger]
— EM [CCSNe] GW [Merger]
—— GW [CCSNe]

shock breakout
(SBO) emission [CCSNe]

45,

plateau

.—I'|_'
n
o
-
A
>,
=
n
O
=
e
=
o
LS,

0 2 4 o6
log(time relative to event [s])

- Adapted from_Cusinato M. et al. In: Eur. Phys. J. A (2022), 58 (99) and
TAUP 2023 | NORA VALTONEN-MATTILA | 31.08.23 Nakamura K. et al. In: MNRAS (2016). 416 (3). pp. 3296-3313.



https://epja.epj.org/articles/epja/abs/2022/05/10050_2022_Article_743/10050_2022_Article_743.html
https://academic.oup.com/mnras/article/461/3/3296/2608524

GALACTIC SENSITIVITY

Huedepohl - Black Hole

Milky Way(center) Garching 19 Mg Burrows 27 Mg

Milky Way(edge)

I
I
I
I
|
)
'
I
I

Blindness cut

20 30 40
Distance [kpc]

Credit: R. Abbasi at al., IceCube Collaboration (submitted)
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SUPERNOVAE: LOW ENERGY NEUTRINO LIGHTCURVE

S
-

Accretion PNS Cooling
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Time after core bounce [s]

Positron capture increases 7, Rest of gravitational binding
Burst of v, (electron capture) luminosity, and thermal pair energy is released during the

e +p—>v,+n oroduction like cooling phase

N+N< N+ N+v+1Uincrease the
other tlavor’s luminosity

Credit: H. Thomas Janka, Florian Hanke, Lorenz Huedepohl, et al. Core-Collapse Supernovae:
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SUPERNOVAE: LOW ENERGY NEUTRINO LIGHTCURVE
OBSERVABLE BY ICECUBE

Deleptonization (4 ms bins) Accretion (10 ms bins) PNS Cooling (1 s bins)

Background
| —— Osc. NH

] =—— Osc. IH
—— (0sc. None
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Simulated DOM hits in IceCube for a Galactic Supernova

Credit: Cross,Fritz & Griswold. In: PoS ICRC2019, 889
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https://pos.sissa.it/358/889/pdf

OTHER MEV NEUTRINO DETECTORS

Experiment Ivpe Mass (kt)  Location
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NEUTRINO PROCESSES: ENERGY REGIMES
FOR v OBSERVATION

Threshold-less processes
Coherent scattering | V 4 A% > V AR?
Low-energy processes (~ 1 — 100 MeV)
Inverse beta decay (Ve,Ve) +(p,n) = e
Intermediate energy processes (~ 0.1 — 100 GeV)
Elastic scattering off electrons (V,Vv)+e = (V,v)+e

+

Elastic scattering off electrons (V,V)+e= — (V,V)
Quasi-elastic scattering off nucleon
Elastic scattering off nucleon

Charged current DIP (V,v)+N —
| Neutral current DIP (V,v)+N — (
Table 3.2. Important neutrino interactions for the observation of CCSNe neutrinos
[62, 149]. N = n,p, X = any final set of hadrons, and | = lepton

Credit: Valtonen-Mattila. 2022 Thesis: Expending the observational reach of core-collapse
supernovae for IceCube using high-energy neutrinos.
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http://uu.diva-portal.org/smash/get/diva2:1708894/FULLTEXT01.pdf
http://uu.diva-portal.org/smash/get/diva2:1708894/FULLTEXT01.pdf
http://uu.diva-portal.org/smash/get/diva2:1708894/FULLTEXT01.pdf

SUPERNOVAE: NEUTRINO TIMELINE

. MeV v
"*+.4 (Collapse)
10 s burst

Post explosion onset tme ¢,

See more in : Valtonen-Mattila & O’Sullivan In: ApJ
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https://iopscience.iop.org/article/10.3847/1538-4357/acb33f
https://iopscience.iop.org/article/10.3847/1538-4357/acb33f

NEUTRINO PRODUCTION REGIME IN GRBS

Beta processes
e~ and V, capture by nucleons e +penty,
e and V, capture by nucleons et +neptv,
e~ and V, absorption by nuclei | e”+(A,Z) & (A,Z—1)+V,
Thermal pair production and annihilation processes
Nucleon-nucleon Bremsstrahlung | N+N & N+N+V+V
Electron-positron pair process et te o V+V
Neutrino scattering
Neutrino scattering with nuclei V+(A,Z) v+ (A,Z)
Neutrino scattering with nucleons VN VN
Neutrino scattering with ¢ Vet o vter
Neutrino-neutrino reactions
Neutrino pair annihilation V. +V, & Ve +V,
Neutrino scattering Vet (Ve,Ve) € Vit (Ve, Vo)

TAUP 2023 | NORA VALTONEN-MATTILA | 31.08.23
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GeV-TeV Domain

p+p{—>x+ni SX+pE+v(V)) = X+ e+ Ve (V) + v (Vi)

X+ =5 X+2y | |
+ also pn interaction!

Hadronuclear

—n+a" —sn+ut+vy—ontet+ v+ v+ vy

+y— AT
Py {—>p+7r0—>p+2y

nat - A0 —n+n’ > n+2y
—p+rn —>ptu +vy—>pte +V.+v,+Vy



ICECUBE: HIGH-ENERGY NEUTRINOS

[ J
raCK-IIKe
W
- o i ° = 2
C‘; S °
.V
cr'g’\
. g % |Ro

Long tracks

Good for
directionality

Only for illustration purposes \

Deep inelastic
scattering

Depending on

Shorter tracks

reaction and v (O(10's m))

flavor
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GRB 221009A BACKGROUND

Search in time windows 1 100 s time window)
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GRB 221009A BACKGROUND

Search in time windows 1 100 s time window)

- == Qbservation
100 s (Pre-precursor)

Search in time windows 2 (156 s time window)

-== QObservation
[ 156 s (Between precursor + prompt)
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GRB 221009A BACKGROUND

Search in time windows 3a and 3b (1 s time windows)

—== Qbs. Pre-precursor
—== Obs. Pre-prompt
1 s (Pre precursor / prompt)
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GRB 221009A BACKGROUND

Search in time Windgws 5 (372 s time window)

- == (Observation
1 372 s (Prompt)

Search in time windows 4 (17 s ti' window

- == (bservation
300 1 17 s (Precursor)
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