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DSNB in context

N, >>1: BURST N, ~1: MINI-BURST N, << 1:DIFFUSE

SN rate ~0.01 /yr SN rate ~1 /yr SN rate ~ 108 /yr

~Ikpc ~Mpc ~Gpc g
From Beacom (2011)
Features: Features:
* Rich multi-messenger data * Many progenitors, population studies
* Precision on 1 progenitor  Cosmological baseline
e Surprises? * Guaranteed signal

* Surprises?
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DSNB: ingredients

dN dt
R=N; | dEogp | dz C—(l + Z)Rcc(z)

dE' dz

Neutrino detector capabilities | | Time-integrated Rate of massive
neutrino emission star core collapse
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DSNB challenges

N
R:Nt/dEO'IBD/dZCd—(l—I—Z

dE’

1. What is the true core-collapse rate?

2. What is the time-integrated neutrino emission?
* For exploding Fe core collapses
* Diversity in neutrino emissions
e Other effects

3. Rates & detections (backgrounds)
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Cosmic core-collapse supernova rate

Direct measurements
» Important redshift range
is observed by surveys

p—
-

» Uncertainty: factor ~3
e Different survey
strategy, sample size,
dust correction,

supernova luminosity
function

U

Botticella et al. (2008)
Bazin et al. (2009)
Lietal. (2010bf
Cappellaro et al. (1999)
Cappellaro et al. (2005)
Daﬁ)en et al. (2004)
?/Iatll]eg et al. {2?21 021)2)

. elinder et al.
But: supernova rate only Mattila et al. (2012)
gives the successful core Graur et al. (Z012)

Taylor et al. (2015)
collapse rate! Cappellaro et al. (2015)
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Updated from Horiuchi et al (2011)
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Cosmic star-formation rate

Proxy for core-collapse rate

» Since massive stars’ lives are cosmologically short

» Measured by many groups, many wavebands, many data sets
* Important redshift range (z<1) directly observed

» Uncertainty: factor ~2 (z<1)

e Dust correction, sample selection, initial mass function

2
redshift

Hopkins & Beacom (2006) Madau & Dickinson (2014)
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Fits versus data

Fits are handy Data driven

Standard practice has been to Large dataset allows more direct

use functional fits to data with estimates of rates & errors in redshift
parameter estimation & errors space

]
4
Iyl

T |
Il
8 L o s o
» 4 4
Teadl g# | {] Ql 'z
0 I’ AR R
L I P F 1 L ] |
¢ % o
y & o
[ ]

redshift z

Horiuchi et al (2009), following Hopkins & Beacom Ekanger et al (in prep)
(2006) and Yuksel et al (2008)
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Multiple cross checks

Cross checks: towards consensus, which gives us additional confidence

Star formation

Time
= integrated
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Cross checks

: Cosmic core-collapse supernova rate
*Sensitive to dust :

Star formation

Cosmic stellar density
i *Sensitive to initial mass function

« Mattila et al. 2012
/\ Botticella et al. 2012
P Melinder et al. 2012
@ Dahlen et al. 2012
v¢ Taylor et al. 2014
B This work

Scaled SFH w/o dust

= = =Scaled SFH w. dust

0.2 0.4 0.6 0.8

Redshift
Graur et al (2015); see also Horiuchi et al (2011), Madau & Dickinson (2014); see also Wilkins et al (2008)
Shunsaku Horiuchi Mathews et al (2014)



Cross checks

Cosmic la supernova rate E
. *Sensitive to delay-time distribution

Star formation

Extragalactic background light
. *Measurement systematics

. , 2 -1
m  Tonry et al. (2003) < Dahlen et al. (2008) Maximum (99 nW m ~ sr )
Neill et al. (2006) < Kuznetsova et al. (2008) . 201
A Pain et al. (2002) Poznanski et al. (2007) Nominal (73 nWm sr )

.. . 2 -
Minimum (52 nW m ~ sr )

Predicted: 78 nW m2srl [
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. Horiuchi & Beacom (2010) Horiuchi et al (2009)
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First take away

Are we confident core collapses How certain are we about the
are occurring? Yes rate? To factor ~2

— 10

<« Mattila et al. 2012
A\ Botticella etal. 2012
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Redshift redshift

Plus, orders of magnitude more core-
collapse supernovae expected by LSST
(2025~).

SN detections/yr

1.0
redshift z

Shunsaku Horiuchi Lien & Fields (2009)
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DSNB challenges

RNt/dEO'IBD/dZ

1. What is the true core-collapse rate?

2. What is the time-integrated neutrino emission?
* For exploding Fe core collapses
* Diversity in neutrino emissions
e Other effects

3. Rates & detections (backgrounds)

Shunsaku Horiuchi
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Not standard candles

Look to simulations for guidance: neutrino emission reflects the progenitor
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O’Connor & Ott (2013)
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Neutrino emission out to cooling phase

Challenge is long-term (~10 sec) simulations for multiple progenitors
 Multi-D are computationally expensive, large sets becoming available

Nagakura et al (2021) Bollig et al (2021)

Shunsaku Horiuchi 14



Neutrino emission out to cooling phase

Challenge is long-term (~10 sec) simulations for multiple progenitors
 Multi-D are computationally expensive, large sets becoming available
 With 1D “calibrated central neutrino engines”

“ “H ‘ H IH H‘ H ” “mllml|||||||||||||H\IIHN

ZAMS Mass [M_]

Kresse et al (2021)
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Neutrino emission out to cooling phase

Challenge is long-term (~10 sec) simulations for multiple progenitors
 Multi-D are computationally expensive, large sets becoming available
 With 1D “calibrated central neutrino engines”

* Simple estimates for the cooling phase

iti Main Signal Late Ti
Split into two phases: ain Signal | Late Time

1. Early: approximately until
shock revival, studied by core-
collapse hydo sims

2. Late: post shock revival, as
central PNS cools by neutrino
emission, make simple models

Accretion/Pre-Explosion
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Late Cooling: Core Cooling

Fallback

Total = early + late phases

v-Sphere Recession

—102 0 107 10° 10! 107
Li et al (2020) Epost—bounce [S]
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Late phase: parameterized

Simple late estimate
Describe the time-integrated late phase emission using two parameters:
1. Final PNS mass

2. Shock revival time

Quantify with suites of 1D
long-term simulations

—
o
—

— 100ms
— 200ms
— 300ms

Ve Mean Energy [MeV]
©

© ©

o

Ve Liberated Energy [Log4(erg)]

-
o
o

| PRI RPN BRI B

1.6 1.7 1.8 1.9 . . 1.7 1.8 1.9
Final PNS Mass [M] Final PNS Mass [Mo]
Shunsaku Horiuchi Ekanger et al (2022) 17



Late phase: analytic model

Polytrope PNS & neutrino diffusion: treatment has model parameters
* Final PNS mass & radius

» Structure parameter (g), opacity boost factor (/) Suwa et al (2021)
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Tune (g,p) to
FORNAX post-
shock revival
part
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Burrows et al (2019) L
Nagakura et al (2021) T,

IJM
12¢

Best confidence
when done over
several seconds

11+ == 9Mg Pre-revival

0.10 9M,, Pre-revival
0.05

———— 9M,, Post-revival — 9M,, Post-revival

Ve Mean Energy [MeV]

Ve Luminosity

10

i — Analyti
Ekanger et al (2022) Analytic nalytic
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Estimate the DSNB

I L L L L
— 9M, — 14Mgy —— 19Mg |
—— 10M, 15M, 20M,
1My —— 16My —— 25M,
— 12M, 17TMy  —— 60My _|
13M, 18 M,

Total = early + late phases

1. Early: suites of FORNAX
simulations (2D, 3D)

2. Late: estimate using final PNS
properties

Dependences on progenitor set, CC

simulation, late-time treatment, ... R B T R T S TRy T

t— tbounce [S]

T T [ T T T [ T T T 1

T T 1 T T T 1 T T T 1 T T T 1 T T

et
o

Preldictedl DSNB

—_
oo

—_
D

PNS baryonic mass [Ms]

Hydro + RenormLS
Hydro + Analyt

AN T N N S T N N N AN TN Y NN SN SN N NN N

1 1 ; 0.2 04 0.6 0.8 1.0
10 20 30 50 t — thounce [5]

Ey, [MeV] Burrows et al (2019)

dF; /dE [cm™2s~ 1 MeV™1]

Hydro + Corr
Hydro + RenormShen \-




Diversity in neutrino emission

Systematically different contributions can occur
e Electron-capture in ONeMg core: how frequent?
* Black hole formation: depends on progenitor, EOS, frequency

Z=0.02 m—
Z=0.004 SN+BH(Shen) = - -

ECSNe 2=0.004 SN+BH(LS
e SNe . h Z=0.004 BH(Shen) - - -

f———sum

Shen LS220
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Kresse et al (2021) Nakazato et al (2015)

See also: Lunardini (2009), Lien et al (2010), Yang & Lunardini (2011), Keehnn & Lunardini (2012), Nakazato (2013),
Mathews et al (2014), Yuksel & Kistler (2015), Hidaka et al (2016), Priya & Lunardini (2017), Moller et al (2018),
Horiuchi et al (2018)
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[10% erq]

tot
E,

<E,> [MeV]
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Engine Model

Successful SNe

Failed SNe

79.6 & S19.8 82.2% (17.8%)
7.9.6 & N20 77.9% 22.8%
79.6 & W18 73.1% 26.9%
79.6 & W15 70.9% 20.1%
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Finding collapse to black holes

Look for disappearance of stars

Monitor ~27 galaxies
- Survey ~10° red supergiants
- Expect ~1 core collapse /yr
— In 10 years, sensitive to 20 — 30% failed
fraction at 90% CL Kochanek et al. (2008)

Shunsaku Horiuchi
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In 11 years survey
v 9 luminous CC supernovae
v' 2 implosion candidates
e NGC6946-BH1: SED well fit
by ~25 Msun RSG
M101-0OC1: follow-up
ongoing

|

2 - 2
7
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|

o =t

7
Z

f < 0.226

Neustadt et al (2021)

] — — —
) 0.4 0.6
Also: Gerke et al(2015), Adams et al ( 2017), FSN fraction

Reynolds et al (2016)
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Missing red supergiants

Progenitors:

Progenitors of nearby 198900 |
2012ec Expected

Type IIP SNe in pre-images B

0168::3 distribution

200 3¢
2004d] \ith a 29
; 3 009H 12
$N 2008bk  © AR 28
ﬁ' . PR 1agapr — cutoff 54
D A Do 2012aw 23
1 , B 2o, 1%0
»’ D ~4 IVIpC &‘:1 LSP*C) g(%?;gogo }g
. Q0Bbc
pre-image by HST | IRED 117
O17eow 16
201 34 15
oo 4
JO -
But none have mass 3008bk 12
above ~20Msun gs16fq : 130
_ SISl 35 SNe (20 detections, a
. 20060v 5
(but many other ideas EuGie® 2
<Q09md STARS /Ger 3
explored) 2005¢3 stellor’ mo 2
Horiuchi et al (2014), Kochanek (2014), - 15 20
Davies et al (2013), Walmswell & Initial moss /' M

Eldridge (2012), Beasor & Davies (2016)

Shunsaku Horiuchi

Smartt, STScl Spring Symposium (2019)



Select other effects

Binaries: are common and can Non-Universal IMF: may be
enhance progenitor numbers environmentally dependent

. —— No binary

Effectively AN —-— Total (Extrapolated)
single i ) i -—-=Total (Fiducial)
~29% E ! 4 ——-Total (No rotation)

T T T T _ Zieger et al (2022), Ashida et al (2023)

Envelope
stripping

- —— Varying IMF
- -——- Salpeter-like IMF

X ¥
Sana et al (2012) E l A SK Signal Region
3 " | 4 Explored by SK I-IV

| | | |
§ 10 12 14 16 18 20 10 20 30 40
Mo [Msun] Neutrino Energy, E [MeV]

L | PR T L

Horiuchi et al (2021)

Variable BH fraction:
may be more common
at high redshifts

Eg Yuksel & Kistler (2014)

MD14, Togashi, NH

= GDIMF-wBH
—— GDIMF-noBH
—— SallMF-wBH
—— SallMF-noBH

{cc PsFr
Supernovae

— — — Unnovae ]
leo - SFR data
SN data 1

Various BSM physics

Eg de Gouvea et al (2019) .
2

Shunsaku Horiuchi Ee+ [MeV]

Volumetric Rate [ 107 yr~! Mpc ]

ANevent/dEe+ [yr~—t MeV~! (22.5-kton)~1]




Second take away

Are we confident core  Are we certain about the time-integrated
collapses are emitting neutrino signal?
neutrinos? Still many dependences to study, eg,
Yes progenitors
CC & explosion details
cooling phase treatments
BH contribution
Other effects...

|

These are what we want
to test with the DSNB

Shunsaku Horiuchi
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DSNB challenges

dN
R:Nt/dEO'IBD/dZC—(l—I—Z)Rcc(z)

dE’

@
dz

1. What is the true core-collapse rate?

2. What is the time-integrated neutrino emission?
* For exploding Fe core collapses
* Diversity in neutrino emissions
e Other effects

3. Rates & detections (backgrounds)

Shunsaku Horiuchi
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DSNB: predicted rates

Setup

Binned star formation rate data Analytic
FORNAX 2D hydro + simple late-ph _ +0.27
ydro + simple late-phase < R = 2.5_0.27 /yr

Salpeter IMF Correlation

Normal mass ordering _ +0.13
SuperK + Gd R=1.1 -0.13 /yr

Nakazato 30M BH Shen

Nakazato 30M BH Togashi
- Walk 40 MBH LS220

Nakazato 30M BH LS220
+ adding more

Ekanger et al (in prep)




PyDSNB

Publicly available code built on
SNEWPY, to model DSNB fluxes &
events: coming soon!

Choice inputs
Hydro model
Late-time estimate method
Initial mass function

Failed (implosion) fraction
BH model
Neutrino mass hierarchy

Normal:
FObS ~U 2 9 F . 2 0 F
5, = COS”Uipf5, + SIN" 0121y,

Inverted:

Ando, Ekanger, Horiuchi, Koshio (in prep)
Shunsaku Horiuchi

dF; /dE [cm~2s 1 MeV™!]

dFy /dE [cm~2s™1 MeV~1]

I I

Bollig et al. 2016
Nagakura et al. 2021
Kuroda et al. 2020
Nakazato et al. 2013 _
Tamborra et al. 2014

Hydro models

10 20 30
Es, [MeV]

Late-phase treatments

X

Hydro + Corr

Hydro + RenormShen
Hydro + RenormLS
Hydro + Analyt

10 20 30
Es, [MeV]




DSNB search limits

Existing limits are reaching
into theory predictions

—a— SK-IV (2021)
—eo— SK-11l (2012)
—e— KamLAND (2021)
—e— Borexino (2020)

T III’III
t

Theoretical Predictions
== (FD + BH)

(N13 + BH)

(F21 + BH)

Predictions by pyDSNB:
* Three spectra
1. 4.1 MeV Thermal
2. Nakazato 1D
3. Fornax 2D
* BH Fraction 23.6%
 Nakazato 30M Shen
* Kroupa IMF
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Ando, Ekanger, Horiuchi, Koshio (in prep)
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Relevant backgrounds

1. Neutrinos
e Reactor neutrinos
* Atmospheric neutrinos

T I"I"HHI.}\

2. Non-neutrinos
* |nvisible muon decays

L L] lllllll
L1 Illllll
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SK-Gd: world’s best DSNB detector

Gadolinium tags IBD UPER UPER
Proposed in 2003, after many R&D & tests 8 5
(EGADS), Super-K was drained in 2018,

refurbished, and started adding Gd in 2020

U.+p—et +n

Beacom & Vagins (2004), SK 2021 (arXiv:2109.00360)

Evaluating
Gadolinium’s

(2.2 MeV)
(mostly lost)

(~8 MeV)
(mostly visible)




SK-VI: successful Gd performance

Already comparable with

~10 years of pre-Gd result!

SuperK most recently ran

with ~0.01% Gd by mass

- ~50% captures on Gd

- Neutron tag efficiency
approx doubled cf pre-Gd

——— SK-VI 552.2 days, Observed 90% C.L. (This work)

T TTTT

| 1 1111

SK-VI 552.2 days, Expected 90% C.L. (This work)
—®—— SK-IV 2970 days, Observed 90% C.L. (PRD. 2021)
SK-IV 2970 days, Expected 90% C.L. (PRD. 2021)

IIIIII

KamLAND 4529 days (ApJ. 2021)

|:| Modern DSNB Theoretical Predictions

| IIlIIII|

—k
o

T lllllll
] IIIIIII|

Past limits (2970 days)
Gd limits (552.2 days)

—

T IIIIIIl|

pper Limit [cm? sec' MeV|

SHE+AFT, precut

==== spallation cut

Signal Efficiency [%]

== effwall,pre-/post-activity cuts __|
=1 ring clearness cut

charge/hit cut

F_Iyx U
Q

Cherenkov angle cut

=== peutron tagging ]
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SuperK (Harada et al 2023)
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SK-VII: discovery potential

Prospect: SKGd + JUNO reaches ~50o for central predictions by ~2030

Now running (SK-VII) with
~0.03% Gd by mass

- ~75% captures on Gd
- signal : bkg ~ 2

100% |-

i _ (")
80% |- 40 tons 2 ~75%

(n2022) s /

60% I 13.2 tons.of
L Gd,(SO,),*8H,0
[ in 50 ktons water 7/
40% | > ~50% capture” /
on gadolinium /

Captures on Gd

(current SKistatus)

20% -
| ’/ Lo b b by b by by
0% U R I 2020 2022 2024 2026 2028 2030 2032
0.0001% 0.001% 0.01% 0.1% year
Gd by mass percentage

Li, Vagins, Wurm (2022)
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Conclusions

The diffuse supernova neutrino background is guaranteed
v' Core collapse occur frequently
(measurements + cross checks)
v' Core collapses emit neutrinos
(but many details to study)

Interesting inputs: time-integrated neutrino emission, black
hole contribution, EOS, binary effects, BSM physics, so on.
Testing these will need a well-measured core-collapse rate,

which is improving.

We have exciting sensitivity with the Gadolinium upgrade at
Super-Kamiokande

Thank you!
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Redshift range
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LSST operations 2025~

2017 CY2018 CY2019 CY2020 CY2021 CY2022 CY2023 CY2024 CY2025
Q3 Q4 ]Q1 Q2 Q3 Q4]Q1 Q2 Q3 Q4]Q1 Q2 Q3 Q4]Q1 Q2 Q3 Q4]/Ql Q2 Q3 Q4]/Q1 Q2 Q3 Q4/Q1 Q2 Q3 Q4]Ql Q2 Q3 Q4
FY2018 FY2019aa FY2020 FY2021 FY2022 FY2023 FY2024 FY2025
Q4 |Q1 Q2 Q3 Q4]Q1 Q2 Q3 Q4]Q1 Q2 Q3 Q4]Q1 Q2 Q3 Q4]/Q1 Q2 Q3 Q4]Q1 Q2 Q3 Q4/Q1 Q2 Q3 Q4]Q1 Q2 Q3 Q4

Data Management
Telescope & Site

ﬁ

Final DRP Release

Facility Support

ComCam / PathfinderonTel 4

CD-4

Camera Refrigeration Test 2 Camera ready at SLAC

DOE Commissioning Ops

- NSFMREFC System First Light M1M3 Ready for Ti
July 2024
DOE MIE Forecast Finish
Nov 2024
- Commissioning Data Release 1
Late 2025

* Late Finish date

DOE Ops For
pending NSF Review

Commissionin ., -
g Forecast Finish ‘ <) Late Finish*
EPO Complete .

e 0 I . S il
— Critical Path oo Pre Operations Full Ops ‘
4 ¢ oo O o & o
DPO.1 DPO0.2 DP1 DP2 DR1
Rev 12 December 2022
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Importance of binaries

The majority of massive stars evolve in binaries

e.g., Sana et al (2012) Eﬁseiﬁtgi}’:w

~29%

Envelope
stripping

For core-collapse supernovae:

=>» Number of progenitors changed
=>» Masses of progenitors changed

Merger case Non-merger

More massive progenitor Single Double

’ﬂwﬁgggg e Pl

Shunsaku Horiuchi Visuals: thanks to T. Kinugawa



Population synthesis results
Results of binary population syntheses:

No binary
—-— Total (Extrapolated)
-—-= Total (Fiducial)
——=Total (No rotation)

Boost due to
} & | mergers and
Boost due \"" | mass transfers
to mergers:

~25% more
progenitors

ai=0.1

02 4 6 8 10 12 14 16

p—

Horiuchi et al (2021) M(;O [Msun]
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Population synthesis

Effect 1: binary effect increases number of supernova progenitors

Merger Non-merger

Ratio wrt
(Rotation) Double Single no binary, f}

o

No binary evolution 0 122,600 171,002 1

n
n
o

Binary ad = 0.1 Extrapolated
Binary ad = 0.1 Fiducial
Binary ad = (.1 No rotation

315,722 75,723 109,276
50,102 75,723 109,276
0 75,723 109,276

Binary a4 = 1 Extrapolated 140,467 196,983 83,070 131,679
Binary ad = 1 Fiducial 140,467 39,869 83,070 131,679
Binary a4 = 1 No rotation 140,467 0 83,070 131,679
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Horiuchi et al (2021)

The increase depends on the treatment of post-merger rotation
* |n our fiducial model, ~25% increase
* Upto+75%
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DSNB searches

Currently background dominated Superk (2023)
Sideband (20° <©c<38°) Signal region (38° <®©c<50°) Sideband (78° <©r<90°)
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