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Diffuse Supernova Neutrino Background

Core-Collapse Supernova (CCSN) Neton i

e Death of massive stars (M 2 8 M), where ~99% of the energy (~10°° MeV) is released via the emission
of neutrinos and antineutrinos of all flavors (~10 MeV/v).

* Supernova neutrinos first detected in 1987 (Kamiokande II, IMB et Baksan), from SN1987A in the Large
Magellanic Cloud.

e ... but transient events every once in a while in the galaxy: ~1-3/century.

Now

N/

% The Diffuse Supernova Neutrino Background is the integrated flux of supernova
neutrinos originating from all CCSN events in the history of the universe — steady Neutrinos from

past SNe

5 billion
years

10 billion

probe to study supernova neutrinos.

Big Bang 13.8
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DSNB flux prediction

e DSNB flux is given by:

CDE)=c| Y R s)

- Yuksel et al. (2008)
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Star formation rate as a function of redshift!
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DSNB flux prediction

e DSNB flux is given by:

101,
[ T L e —
=
o 1071l
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— 10-2 N13: Successful
Ly Ea S
S N13: Failed Se
=< 1073 FD: 4 MeV
S FD: 8 MeV 5

104 ' | | | 10-°
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Example model of neutrino spectrum
for successful & failed supernovae!l

IS. Ando et al., Proc. Jpn. Acad., Ser. B, Phys. 99 (2023) 10
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DSNB flux prediction

e DSNB flux is given by:

2J. Barranco et al., J. Phys. G 45 (2018) 055201
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DSNB flux prediction

* dz
e DSNB flux is given by: O(E) =c Ron(Z, 8)
5 Z ; SN 2 H(z)

Ugs Dﬂ

Reshift—dependent SN rate Universe expansion
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Supernova neutrinos and the Kamiokande saga

Hyper-Kamiokande

(2028-)
Super-Kamiokande

(1996-)
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diffuse supernova neutrino background ? Skl

First constraints on DSNB
spectral shape ?
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Supernova neutrinos and the Kamiokande saga

Hyper-Kamiokande

(2028-)
Super-Kamiokande
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DSNB events at SK

e SK sensitive to the electronic antineutrino part of the DSNB via the Inverse Beta Decay channel:
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DSNB events at SK

e SK sensitive to the electronic antineutrino part of the DSNB via the Inverse Beta Decay channel:
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Background events

= QObservables: e rec. energy E,., rec. Cherenkov angle 6-
and number of tagged neutrons n

‘ ~ 6(10) MeV

e Reactor v,:

- Irreducible and a dominant background below ~10 MeV.

DSNB event

. . Cosmic u
e Spallation-induced:

- From cosmic muons going through SK (~2 Hz) :

dominant background in the low energy end of the
analysis window.
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Prompt positron selection

Set of cuts applied on ancillary observables to bring the S/B

closer to 1:

R. Rogly - WCD 2025 Workshop, September 17-19

DSNB at Water Cherenkov Detectors

Events / bin
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1003

10°1 4

Atmospheric-v (non-NCQE)
Atmospheric-v (NCQE)
Spallation Li9
Reactor-v
Accidental coincidence
~ == DSNB (Horiuchi+09 6-MeV, Max.)

| pre-cuts

e T
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Eo+ [MeV]
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Prompt positron selection

Set of cuts applied on ancillary observables to bring the S/B
closer to 1:

® Spallation event reduction

= Muon track observables based cuts, neutron cloud cuts,
box cuts.

= Retain > 60% signal, with O(1%) background acceptance.

9 =
muon track d=) — underflow bin
9 .
Ll
/ \ overflow bin
S~ 7 10'}~  Presample
Post sample
n where
is largest
10°
DSNB candidate 0
10°
“4 | | | | | | | | | I | | | | | | |
-30 -20 10 30
I'spall

Muon track observables
Spallation log-likelihood ratio
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Prompt positron selection

. . ATM multi-cone Atmospheric-v (non-NCQE)
Set of cuts applied on ancillary observables to bring the S/B 50 simosphercs (NCQD
ClOSQI' tO 1: 40 - 2:3(;;::; coincidence
~~~ DSNB (Horiuchi+09 6-MeV, Max.)
c
o Atmospheric event reduction =0 .
i 42 .1 DSNB single-cone
] P )
= Cuts on observables encompassing the « fuzziness » of the i 20-
Cherenkov ring for u/x rejection, decay electron cut, and o
newly introduced single-cone likeness (aka MSG) cut to -,
0 o . ] .
remove multi-cone events. 00 0 04 06 08 L0
(multi-cone) sg (single-cone)
® ® ® 1 T T T T T JTo--F- 1 T T T T T T s - J- " "F--A---f---I" =
= Retain > 90% signal, with O(1%) background acceptance. N A T E
s VI
cC - = spallation cut |
% e-ffwall,pre-/post-activity cuts
3107 - chargennon =
cqé = Cherenkov angle cut -
g : == neutron tagging [ _:
S [ i T
102 Lo - E
- L — :
(b) Identify all candidate cones for pairs of (c) Find largest candidate cluster _ _|_|_I i
PMTs hit. (red crosses) within a cone of 50° - .
opening angle. B .
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Delayed neutron selection

e Increasing Gd-loading since 2020 allows to enhance neutron tagging capability.

~ 0(10) MeV
U, ~ 6(10) MeV
SK-VII
(0.03% Gd)
W+
n-capture on
OO OO 7 oO
Gd 0 % 50 % 5 %
o " 8 MeV Time constant ~210 ps ~115 ps ~65 s
Neutron capture
delayed signal
SK pure water era (I-1V) SK-Gd era (VI-VII)
0.01% Gd (
SK-I SK-II ~ SKII
| | |
1996 2000 2005 2010 2015 2020
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Delayed neutron selection

e 2 ML-based approaches developed to leverage full capability of SK-Gd detector, with mistag rate ~ O(0.01%).

= Boosted Decision Tree, with 22 variables as inputs encompassing delayed signal photo-statistics, space-time

clustering, characteristic reconstructed distances.

= Neural Network, with 12 variables as inputs encoding the hit pattern and the energy.

12‘ L | T T | L I [ ‘\\\\' | l T T | L | L
310-1 = g
o .
g n
N .
— | SK-VII
(0.03% Gd)
10°F =
. - “'Capc:‘(;re on 0 % 50 % 75 %
— NN -
g .- i Time constant ~210 ps ~115 ps ~65 us
oo — n-detection 60%
— — -~ o
: - efficiency
10_4__1 L 1 1 | I | I | | ey | I I | I | I I I | 1 1 1 I__

45 50 55 60 65 70 75 80 85
Signal efficiency [%]
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Overall selection

107 5

p re—CUtS Atmospheric-v (non-NCQE)
Set of cuts applied on ancillary observables to bring the S/B | mospherie (nea)
2 | Reactor-v
ClOser tO 1: 10 Accidentallcoin_cidence
— ; ~==- DSNB (Horiuchi+09 6-MeV, Max.)
o o .-5
* Spallation event reduction 2 10
g 10
Q
>
= Muon track based cuts, neutron cloud cuts, box cuts. "
10° -
= Retain > 60% signal, with O(1%) background acceptance. T
1071 - i, ' ] | |
e Atmospheric event reduction T ey T
= (Cuts on observables encompassing the « fuzziness » of the ‘
Cherenkov ring for u/x rejection, decay electron cut, and o post-cuts Atmospheric-» (non-NCQE)
. . . : Atmospheric-v (NCQE)
newly introduced single-cone likeness (aka MSG) cut to | Spaltion i
< 1027 ccidental coincidence
remove multi-cone events. _ T e Horisenis00 .MV, Max)
<
= Retain > 90% signal, with O(1%) background acceptance. g
()
>
o Neutron tagging .
10-1 44 ol Tta
110 2I0 30 410 SYO 6t0 7]0 80
Eo+ [MeV]
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Discovery analysis - DSNB Model-dependent spectral fit

Principle
e Shape-driven analysis: Fit DSNB + 5 background contents to the data,
via Extended Likelihood Maximization framework. \ “ ‘\
A
. . Sideband Signal region Sideband
e Define 3 Cherenkov angle (6-) regions: o5 2 <0c <3 | 3 <bc<5 <<
o I | : SK-VI
= [ow 0.: Mostly u/x events, B R p—
. E\H; 0.03 — SDpSiTl;tzI(?oriuchHw (6 MeV, max)) ||| [ -
- : Mostly NC multi-cone events, =% | | |
> Zg 02 t -
= Medium 0, : Signal & backgrounds (spallation, decay /\ | :
electrons, NCQE multi-cone events, atmospheric v,). s s e
?T 0.03 F
% E‘go.oz
Z
Jo.oo’ 8 ‘6I0“‘80
Erec [MeV] Erec [MeV] ﬁ Erec [MeV]
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Discovery analysis - DSNB Model-dependent spectral fit

Principle

e Shape-driven analysis: Fit DSNB + 5 background contents to the data,

via Extended Likelihood Maximization framework. A‘ &
B

. . Sideband Slgnal reglon Sideband
e Define 3 Cherenkov angle (6-) regions: " * S
T e | | SK-VI
= Low 0/: Mostly u/m events, o o “_x ' "
. . E\H; 0.03 — SDpSiTl;tzI(?oriuchHw (6 MeV, max)) || [ -
= High 0.: Mostly NC multi-cone events, o |
Q a ~ Zg 0.02 — —
= Medium 0,: Signal & backgrounds (spallation, decay f\ — j—
electrons, NCQE multi-cone events, atmospheric v,). e e
?T 0.03 =
o Define 2 Ny,o0.q ,-dependent region: QO : _
£ | |
- 1: 001 F - -
Non IBD-like events (Ntagged L= 1) o~ N
- -1i —  EaMev] " EpMev]
[BD-like events (Nyg0eq = 1) - .
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Discovery analysis - DSNB Model-dependent spectral fit

Principle

e Shape-driven analysis: Fit DSNB + 5 background contents to the data,

via Extended Likelihood Maximization framework.

AN

A
. . Sideband Signal region Sideband
e Define 3 Cherenkov angle (6-) regions: pos 20 <0< 58 <l 8 <be<or
o I : : SK-VI
= Low 6, Mostly u/x events, o o
. . E\H; 0.03 — ls)pSEli\lTl;tZI(?oriuchi+09 6 MeV, max)) || [ -
= High 0.: Mostly NC multi-cone events, o |
Q e = ZE 0.02 — -
= Medium 0: Signal & backgrounds (spallation, decay /\ - :
electrons, NCQE multi-cone events, atmospheric v,). gl e ——a
?T 0.03
o Define 2 Ny,0.q4 ,-dependent region: O ;i
Z i i
- 13 0.01 f- -
Non IBD-like events (Nqoeq , = 1) o~ |

2‘0“‘40“‘60‘ ‘6I0“‘80
— 1) Erec [MeV] Erec [MeV] Erec [MeV]

= IBD-like events (Ntagged n

Golden region (best S:B ratio)
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Discovery analysis - DSNB Model-dependent spectral fit

Principle

e Shape-driven analysis: Fit DSNB + 5 background contents to the data,

via Extended Likelihood Maximization framework.

e Define 3 Cherenkov angle (6-) regions:
= Low 0/: Mostly u/m events,
= High 0-: Mostly NC multi-cone events,

= Medium 0,: Signal & backgrounds (spallation, decay
electrons, NCQE multi-cone events, atmospheric v,).

o Define 2 Nygoeq p
= Non IBD-like events (V,
= IBD-like events (/V,

-dependent region:

agged n 7 1)

agged n — 1)

Signal region
38° < f¢c < 53°

Signal region
38° < O < 53°

§l sk-vi-0.01% Gd § SK-VIl - 0.03% Gd

Erec [MeV]

. | T el e—
40 60 80

Gd-loading enrich the golden region
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Discovery analysis - DSNB Model-dependent spectral fit

[ikelihood ratio test

Statistical and systematic errors || DSNB model: Horiuchi+09 (6 MeV, max)

Best fit flux

10
' SK Phase 99.7% C.L.
P I SK-I [ e
Combined Results - Kl
8 ' SK-III
DSNB (Horiuchi+09) i SK-IV
— SK-VI
5 el —— SK-VII
Best fit rate ~ f —— Combined
2.9 events - year™! S
~ N 0 e /XN 95% C.L. _

l.4cm™2-s7 !> 17.3MeV

68% C.L.

————————— e e e R R R S e R S e R R S e R e R S S S e S S e S R S S A R S S S S e e R e e —— —————— ———— ————
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DSNB Model-independent Binned Analysis

Principle

e No input DSNB model in this analysis.

0.04

5 Il oos
=
— T
%
A 002

001 »*
4

e Predicted background fluxes, instead of inferring
them from fit.

Atmospheric-v (non-NCQE)
Atmospheric-v (NCQE)
Spallation Li9
Reactor-v
Accidental coincidence
-~ == DSNB (Horiuchi+09 6-MeV, Max.)
<4 SKVI/VII observed

20.0 -

1.3
e In the , look at the excess per bin

observed wrt. background-only prediction.

BN NN\N\\\

124801

1.5

10.0

Events / bin

——aae N
N\

e CLs approach to derive bin-by-bin upper limits.
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DSNB Model-independent Binned Analysis

Upper Limits

e Poor sensitivity in the very low energy region (not

DSNB Theoretical Predictions
SK-IV 2970.1 livedays (observed, 90% CL;)

SK-IV 2970.1 livedays (expected, 90% CL;)
SK-VI/VII 956.2 livedays (observed, 90% CLs)
SK-VI/VII 956.2 livedays (expected, 90% CL;)

103
probed by spectral analysis), mostly due to
overwhelming spallation-induced background.
e ... yet SK-Gd (VI-VII) limits in those bins already -—I'T' 1023
better than SK-pure water (IV) despite ~3 less stats — % | .
courtesy of —_—
/ T o ——
IU —
q) <
)
(TJ 10° ;
=
—
S 1071 4
10—2 1 1
10 15
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DSNB Model-independent Binned Analysis

Upper Limits

e Poor sensitivity in the very low energy region (not 103 -
probed by spectral analysis), mostly due to DSNB Theoretical Predictions
overwhelming spallation-induced background. | = 5KV 2970.1 livedays (observed, 0% CL.)
— SK-IV 2970.1 livedays (expected, 90% CL;)
. . . . == 102 r : 0
e ... yet SK-Gd (VI-VII) limits in those bins already r 3 : ~ AR :'Vedays (AESERESE SRy
. 1 —— — -VI/VII 2 lived ted, 90% CL;
better than SK-pure water (IV) despite ~3 less stats %) —— SR VUV 800.2 Tvacays lexpact= )
— courtesy of = p—
T 10 “ m—rm—
O &
q) @
0
(TJ 109 -
. . . . = e
e In the intermediate energy region (common with O —_—
spectral analysis), upper limits approach the range © 107 -
of DSNB predictions. ‘
10—2 | 1 ! 1 1
10 15 20 25 30
Paper soon-to-be released for the analysis of SK-Gd data. E, [MeV]
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DSNB Model-independent Binned Analysis

Projected sensitivity

e Prospective work by A.D. Santos [PhD thesis]: used information
from HK and JUNO design reports to estimate sensitivities.

* As expected, JUNO highly competitive at low energy due to
enhanced neutron tagging owing to LS light yield.

e At high energy, Water Cherenkov detectors (SK-Gd and HK)
bring similar or even better constraints.

R. Rogly - WCD 2025 Workshop, September 17-19
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DSNB at Water Cherenkov Detectors

DSNB Model

DSNB Theoretical Predictions
SK-IV/Gd to 2029 (expected, 90% CL)
SK-IV/VI/VII (observed, 90% CL.)
JUNO 2029 (expected, 90% CLs)

{

. PRELIMINARY

10

15 20 25 30

DSNB Model

DSNB Theoretical Predictions
SK-IV/VI/VII (observed, 90% CLg)
HK 5yrs (expected, 90% CL., goal)
JUNO 5yrs (expected, 90% CLg)
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Conclusion

 DSNB is an exciting probe to study supernovae and neutrino properties.

e The Gd-era of the SK experiment went successful in improving the sensitivity to the DSNB
signal.

= Rejection of the background-only hypothesis at the 2.30 level across all SK phases.

= Stringent upper limits, for neutrino energy > 17.3 MeV approaching the range of predictions.

e Looking forward to approaching evidence for DSNB in the upcoming years with SK-Gd, HK
and JUNO !
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DSNB signal efficiency
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BDT features importance
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Discovery analysis - DSNB Model-dependent spectral fit

Fitted spectra
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Analysis - DSNB Model-dependent spectral fit

Background-only hypothesis rejection

Ivaniez-Ballesteros+22 (t/m = 10! s/eV, SH, NH) I
Ivaniez-Ballesteros+22 (t/m = 10'° s/eV, SH, NH) I
Ivaniez-Ballesteros+22 (t/m = 10° s/eV, SH, NH) I
Ivéanez-Ballesteros+22 (No decay, SH, NH) I
Ivafiez-Ballesteros+22 (t/m = 101 s/eV, SH, IH) I
Ivéafiez-Ballesteros+22 (7/m = 1019 s/eV, SH, IH) |
Ivaniez-Ballesteros+22 (t/m = 10° s/eV, SH, IH)
Ivéafiez-Ballesteros+22 (No decay, SH, IH)
de Gouvéa+20 (NH)
Barranco+17 (ACDM, Logotropic) I
Priya+17 (NH) I
Horiuchi+21 I
Hartmann+97 CE I
Tabrizi+20 (NH) |
Nakazato+15 (min, NH) )
Nakazato+15 (max, IH) I
Malaney+97 CGI I
Kaplinghat+00 HMA (max) I
Kresse+20 (Fiducial, IH) I
Kresse+20 (Low, IH) I
Kresse+20 (High, IH) |
Kresse+20 (Fiducial, NH) )
Kresse+20 (Low, NH) )
Kresse+20 (High, NH) I
Kawasaki+03 '
Horiuchi+09 (6 MeV, max) |
Horiuchi+18 62.5 =0.5
Horiuchi+18 ¢>5 = 0.1 |
Galais+09 (NH) I
Galais+09 (IH) I
Lunardini09 Failed SN |
Totani+96 Constant |
Ando+03 (updated 05) I

e Significance of DSNB signal is
roughly model-independent.

w i B B BN BN BN B = =H = N =N = =H =N = =N =H & =H = &= =H = = =5 =& =5 =H =& =& =5 =H =& =5 = =5 =5 =5 == &5 =H =& &5 =5 =H B =H = 8 =5 = &5 =5 &= & &= &= &= &= =

Significance [0]
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