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Introduction

Super-Kamiokande

C001%Gd +

SK-I SK-II SK-III SK-VII
I I I

1996 2000 2005 2010 2015 2020

e Water mass (Fiducial mass): 50 kton (22.5 kton)

e 11 129 PMTs in the inner detector ~ 40 m
- Diameter: 50 cm %
- Time resolution: 6 & 3.4 ns e

- Photocathode coverage: 40%

~ 40 m

e [ocated 1 km under Mt. Ikeno

- Shield from cosmic muons
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Introduction

Core-Collapse Supernova

e Death of massive stars (M 2 8 M) — (CC)SN: Powerful source of /!

- ~10®°vin ~ 10
~ 10 MeV /v
- & 99% of the released energy «— ~ 10°° MeV

- All flavours are generated: v, U, and v, (x € {y, 7})

Neutron Star

Q’ Black Hole

o Difficult to detect: Flux decreases & 2 & Small cross section ———-=5%

~ Sensitive only to galactic SNe

| Rare events (~ 1 - 3/century)!!

.

e Only one detected: SN1987A (11 events with Kamiokande)
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Introduction

WEAK IN THESE ONES
PATIENCEIS
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Introduction

Ditfuse Supernova Neutrino Background

e v from every SN in the observable Universe since its beginning

- Estimated SNe rate;: ~ 1 SN/ s

- Isotropic and time independent

Now
e Information about:
5 billion
. ears ago
- Star formation rate T
Neutrinos from
. . past SNe
- Fraction of SNe forming BH - o bilon
years ago
- History of our Universe (cosmology)
- Exotic neutrino properties (e.g. decay) Big Bang 13,8 billior
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DSNB in a Nutshell

Description

e DSNB flux: ®(E) = C‘J - Ry (2, 8) Z Fy(E(1 + 2),5)

g, Vg

H (z)
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DSNB in a Nutshell

Description

e DSNB flux: ®(E,) = cJ C Y Rana) Y FyE(1+2),5)

O_O \)

H (z)

Yp Vg
Redshift—depende SN rate
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DSNB in a Nutshell

Description
SN neutrino emission spectrum
| <max dZ
e DSNB flux: ®(E,) = D Ron(z.8) ) FyE,(1+2).5)
=0 _ H(z)
<0 \) Lyg,l(ﬁ;
* Redshift—depende SN rate
1.0 x 10°°
Fermi-Dirac distribution spectr]
0.8 - V>e< |
~ 0.6
¢
=
0.2
80 —====TBO

0.0 L L L L L L L L L
0 20 40 60
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DSNB in a Nutshell
SN neutrino emission spectrum

Description
| Zmax dZ
e DSNB flux: ®(E,) = D Ron(z.8) ) FyE,(1+2).5) —
| Z():O Ry Uﬂ’ EIB (Z)
* Redshift—depende SN rate
1.0 x 10°°
i v spectra
11;: (o« =3.5)
== Vo (a=3.5) |

Pinched Fermi-Dirac distribution
0.8 _— / \\

o Better fit of spectra from simulations

CIirs
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DSNB in a Nutshell

Description
SN neutrino emission spectrum
e DSNB flux: ®E) =c| Y Rouzs) S 5 (1420
zo=0 ; a Uﬁ%ﬂ : H(Z)

Universe expansion

Redshift-dependent SN rate
600
ACDM model |
- 500 :—
—400 -
— 0T
2.
z
w 300 |
g
~
E 200 _
100 :—
0 | | | |
1 2 3 4 5
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DSNB in a Nutshell

SN neutrino emission Spectrum

Description
Z Ryn(Z, 8) Z F ﬁ(E (1 +2),s) H(Z)

e DSNB flux: ®(E) = c
20=0
\ 0 S 1 55 % 5
Redshift-dependent SN rate Universe expansion
5 10'
- ---- Fullflux | i DSNB model
i 0<z<1| —— Priya and Lunardini (2017)
: 1<z<2 — de Gouveéa et al. (2020)
4 Time | — 25z<3] Horiuchi et al. (2009)
—— 3<z<4| — Barranco et al. (2017)
— 4<z<5 —— Ivéfez-Ballesteros and Volpe (2022) [No decay]
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Detection

DSNB events

-y e
. =4
~ - 4
AN .__.lln ] ’

e Main detection channel: Inverse Beta Decay

Charge [p.e.]
~ 0(10 MeV) ‘ 10
1800
8
900
E, 0 6
N
-900
-1800 L o ’ - 4

e Observables: e™ energy E,., Cherenkov angle 6-
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Detection

DSNB events

e Main detection channel: Inverse Beta Decay

1.0
5[ SK-VII (2022 - Now)
U, ~ 6(10 MeV) :
/ 2 06|
‘ u ~ 2.2 MeV =
N SK-VI (2020 - 2022) . |
W+ < .
;
0 = 0.2;
~ 8 MeV k
Neutron capture e E— “‘{Oiz | T
Percentage of Gd by mass in water
e Observables: and number of neutrons n
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Detection

Other events (Backgrounds)

‘ ~ 0(10 MeV)

N

~ 0(10 MeV)

e Reactor:

- Irreducible because ~ 10° times more than DSNB events below 10 MeV

DSNB event

/}/J
[
“ ~ 0(10 MeV)
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Detection

Other events (Backgrounds)

e Charged-Current (CC):

~ 0(10 MeV)
| e+

- Observables: e™ energy E,. and Cherenkov angle 6,

DSNB event

/}/J
[
“ ~ 0(10 MeV)
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Detection

Other events (Backgrounds)

e Neutral-Current (NC):

- Observables: e™ energy E,., Cherenkov angle 6, and number of neutrons n

‘ E.. ~ 6(10 MeV)
y

DSNB event

/}/J
[
“ ~ 0(10 MeV)
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Detection

Other events (Backgrounds)

DSNB event

/}/J
[
“ ~ 0(10 MeV)

e Spallation:

- Observables: Number of neutrons n
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MSG cut
NCQE/DSNB events separation

E., ~ 6(10 MeV)

N o

(DSNB) (1)
IBD

—

- =" SHE+AFT, precut -

------ spallation cut
effwall,pre-/post-activity cuts
ring clearness cut

NCQE Reduction Efficiency

10—1:_ T - - - - charge/hit cut =
- I E ~.=..- Cherenkov angle cut .
B MSG I ~__ —— — MSG cut ]
B . - | == neutron tagging [ 7
,_eﬁllaency | R : [ _ r—
e B L —
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Spectral Analysis

Principle

e Unbinned and model-dependent analysis: Fit DSNB + 5 background spectra to data

Previous fitter

Sideband Signal region Sideband Sideband Signal region Sideband
20° < 6 < 38° 38° < 0 < 53° 70° < 0c < 90° 20° < Oc < 38° 38° < 6 < 53° 70° < 0c < 90°
0.05 -
v, CC . —— DSNB + Backgrounds
Decay e~ SK-VI L DSNB (Horiuchi+09) SK-VI
0.04 |- NCQE - -—-- All backgrounds
[ — u/m . v, CC 55.2 d.ays
— [ —— Spallation % S Decay e Prellmlnary
"5k 003 | DSNB (Horiuchi+09 6 MeV, max) > Nl NCQE
& = <t = L oeeeeens }4/77:
o "§D i E ?o ok Spallation
E %Do.oz — 8 ?go
Z > Z
/=
B 5
0.01 ’+ ..... +
f o o e e A wi. e = = R +
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Spectral Analysis

Principle

e Unbinned and model-dependent analysis: Fit DSNB + 5 background spectra to data

Previous fitter

Sideband

e Define 3 regions depending on the Cherenkov angle 6 —>—"~

. —— DSNB + Backgrounds
DSNB (Horiuchi+09)
- —--- All backgrounds

- Mostly visible u/7 events (in the final-state) I

....... ;’l / 7T
-==+ Spallation

Events / 4 MeV
Ny gged 7é 1

1
|

‘ ~ 0(10 MeV)

N

~ 0(10 MeV)

Events / 4 MeV
Ntagged n
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Spectral Analysis

Principle

e Unbinned and model-dependent analysis: Fit DSNB + 5 background spectra to data

Previous fitter

Sideband
70° < 0c < 90°

e Define 3 regions depending on the Cherenkov angle 0,

i SK-VI
- Mostly visible u/x events (in the final-state) ;. _ Preltmiy
- Mostly NCQE events with multiple final-state y ] :

1
|

N

‘ ~ 0(10 MeV)
¢ =~ 0(10 MeV)

N, tagged n

Events / 4 MeV

Antoine Beauchéne February 2nd, 2024 DSNB Search With Super-Kamiokande CnfS



Spectral Analysis

Principle

e Unbinned and model-dependent analysis: Fit DSNB + 5 background spectra to data

Previous fitter

Signal region

e Define 3 regions depending on the Cherenkov angle 0, -

- Mostly visible u/7 events (in the final-state)

Events / 4 MeV
Ny gged 7é 1

- Mostly NCQE events with multiple final-state y

- Signal & backgrounds (v, CC, Decay e, Spallation)

‘ ~ 0(10 MeV)
¢ =~ 0(10 MeV)

1
|

N

N, tagged n

Events / 4 MeV
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Spectral Analysis

Principle

e Unbinned and model-dependent analysis: Fit DSNB + 5 background spectra to data

Previous fitter

Sideband Signal region Sideband

e Define 3 regions depending on the Cherenkov angle 0, Tt [T T [ L [T T T
- Mostly visible u/x events (in the final-state) - ; _ Preltmiy
- Mostly NCQE events with multiple final-state ¥ \Z ==t + + ‘
- Signal & backgrounds (v, CC, Decay ¢, Spallation) ++ +++ ++
o Separated according to Nygeeq 1
- Non IBD-like events 2 ooy
BeMeV]  EeMevl EeMev]
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Spectral Analysis

Principle

e Unbinned and model-dependent analysis: Fit DSNB + 5 background spectra to data

Previous fitter

e Define 3 regions depending on the Cherenkov angle 6~ — 208d9bd38 SR 70082169?%;: -
- Mostly visible p/x events (in the final-state) M Preltmiy
- Mostly NCQE events with multiple final-state ¥ \Z ==t | +
- Signal & backgrounds (v, CC, Decay ¢, Spallation) R [Eesil R 1 i

e Separated according to NV,

- Non IBD-like events

agged n

U, ~ 0(10 MeV)

Events / 4 MeV

1

N, tagged n

- IBD-like events
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Spectral Analysis

Extended maximum likelihood fit

o Define PDF; (spectral categories j)

Simultaneously on the 6 regions

o We fit the number of observed events NV, that maximizes the following likelihood:

| Ndata
F(E|N, N,) = e e’ N, PDF, (E'| 0%, N
( ‘ Ok b) = € J j( ‘ >~ “tagged n)
i=1 jes+b
* Background categories treated as nuisance parameters S BEE S
e Systematic uncertainties with the spectral forms: | |
- Spectral distortions of the PDFs e | S|
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Fit Result: SK-VI

Fitted spectra

Sideband Signal region Sideband
20° < ¢ < 38° 38° < O < 53° 70° < O < 90°
200 F—— DSNB + Backgrounds = =
- --—- DSNB (Horiuchi+09 6 MeV, max) - - SK VI
175 = All backgrounds - - 5522 days
:2 15.0 :_ ....... Ve CC :_
LSL — E ....... [)eca},e E
% 125 NCQE -
2 = F e }1/7'( -
<t F§D 10.0 Y Spallation -
8 -
> 50 | —
I T 4T +
OO _I I | Iiliil_AIJ;JIJilJil_Jladladl_Jli-ld-I -IJ-I-‘I_I I I I Ll 1 L1 I“I.""I".I | I I | I..I_.I Ll I I | _I..I.'I..I Ll I I'Il'llllli'.l..l Ll -i-l : I_I-I Tl T I-_i II-I-I |
20.0 |- _ -
17.5 |- _ -
5 1of - -
S -
> || 125 _ -
< Ei 10.0 ;' ;' ;-
qﬁ) - ¥ ¥
> 50 — —
= z z z
- o 1yt S }ﬂ
OO _I I I | I TTI | IAI_‘IQI | I I-I-I | I I I Ll 1 _I;;I.--.I-ETEI‘;T::I::;-—T;:IT#I?T-f!I’-]“I‘#‘I Ll I I I I | _I..Illll.l..llll I I | I I I I | I I I I |
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Fit Results

Likelihood for SK-VI

Systematic errors included || DSNB model: Horiuchi+09 6 MeV, max

SK Phase
I SK-I i 997 CL.
i SK-II
e Combined (stat. + sys.) & 2.8 6 excess 8 S
i — SK-VI
Cgmbined
e Previous analysis: St
:
Combined (stat. + sys.) & 2.1 o excess ' b\ 95% CL.

DSNB rate [events/year]
e Need to improve phases combination

e Also improving reduction steps: e.g. MSG cut and neutron-tagging (BDT — GNN)

| ‘\’('
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DSNB Search With Super-Kamiokande

Conclusion

* Close Supernovee are really rare events

e Can study the DSNB to probe SN properties and other phenomenon

* Many background sources:

- Worked on reducing the one from NCQE

- Also improving neutron tagging algorithm

e Introduced a new Spectral Fitter:

See my poster
and
Rudolph’s one !!

- Still in the process of validating it

- Getting closer to 30
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Backup

Hyper-Kamiokande

e Construction: 2020 — 2027 (on-time)

P
e Water mass (Fiducial mass): 50 kton (22.5 kton) Hyper-Kamiokande: 258 kton (186 kton)

e 20000 High Quantum Efficiency PMTs in the inner detector

- Diameter: 50 cm

- Time resolution: o =~ 1.3 ns

- Photocathode coverage: 20%

~ 71 m
10 km from Super-K

* [ocated 650 m under Mt. Nijugoyama

- Shield from cosmic muons

p. INSTITUT
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Backup

Likelihood for SK-VI

DSNB model: Horiuchi+09 6 MeV, max

10

_ ° ° n S h
e Best-fit nuisance parameters for K Phasc 99.7% C.L.

systematics contained in £1 o | Sll | Analysis Type

SK-III —-— Stat. only
ST SK-TIV —— Stat. +Sys. |
- — SK-VI :
Combined

e Stat. dominated analysis T

95% C.L.

________________________________________________________________________________________________________________________________________

o SK-VI (stat. + sys.) & 2 6 excess

e Previous analysis:

20.0

SK-VI (stat. + sys.) & 1.6 6 excess
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Backup

Likelihood for SK-VI

e Best-fit nuisance parameters for !
systematics contained in £1 o |

e Stat. dominated analysis I

e Combined (stat. + sys.) & 2.8 6 excess

.

Previous analysis:

Combined (stat. + sys.) & 2.1 6 excess

DSNB model: Horiuchi+09 6 MeV, max

SK Phase !
I SK-T e I_ ______________________________-._______________________9_9:_7_(1/9_2:1:‘:___
SK-II Analysis Type !/
SK-III —-— Stat. only /
SK-IV —— Stat. +Sys. | /
—— SK-VI = /
Combined /
/
- ./
/
/
/
N R AR 0. V. A S R R 25% C.L. |
/
/
= L .
7.5 10.0 12.5 15.0 17.5 20.0

'DSNB rate [events/year]

Antoine Beauchéne

February 2, 2024

DSNB Search With Super-Kamiokande

CIirs



Backup

[ikelihoods for SK-I — IV+VI

10

—2AIn L

Antoine Beauchéne

Previous analysis
Stat. + sys. (DSNB model = Horiuchi+09 6 MeV, max)

/ 99.7% C.L.

SK-II

SK-III

SK-1V
- == SK-VI
Combined [

- 68% C.L.

”
’f
-
-

————

7.5 10.0 12.5 15.0 17.5 20.0 ‘

.DSNB rate [events/year]

February 2, 2024

This work
Systematic errors included || DSNB model: Horiuchi+09 6 MeV, max
10
SK Phase
R SK-I IS S N ______________________________-.______________________2?_'_7_0_/‘3__C_°_I:°___
SK-II
SK-III
8 SK-IV
—— SK-VI
Combined
6 —
o £
Q
5
@\
NN L NN 95%C.L.
2 -
0 R e B L .
0.0 25 5.0 7.5 10.0 12.5 15.0 17.5 20.0

_

DSNB rate [events/year]

We reconstruct more DSNB events than the previous analysis in each phase
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Backup

Results for several models for SK-I - IV+VI

Horiuchi+21 | | | I |

Hartmann+97 CE I I I I I |

Tabrizi+20 (NH) | | | | | | |

Nakazato+15 (min, NH) I I I I I |

Nakazato+15 (max, IH) I I [ I I

Malaney+97 CGI I B I | I |

Kaplinghat+00 HMA (max) I I I I I |

Kresse+20 (Fiducial, IH) I I I ' I I |

Kresse+20 (Low, IH) | | | | | |

Kresse+20 (High, IH) | = I - I | |

Kresse+20 (Fiducial, NH) I I I I I |

Kresse+20 (Low, NH) | I I 1 | |

Kresse+20 (High, NH) | I I I I |

Kawasaki+03 | I I ' I I |

Horiuchi+09 6 MeV, max I I I I I |

Horiuchi+18 &5 = 0.5 | | | | | |

Horiuchi+18 &, 5 = 0.1 I I I ' I I
Galais+09 (NH) | | I I | |
Galais+09 (IH) | I I | | |

Lunardini09 Failed SN I I I I

Totani+96 Constant I B I - I ] |

Ando+03 (updated 05) | I I I [ |
| | | . 1

99.7% C.L. |
95% C.L.
68% C.L.

0.0 2.5 5.0 7.5 10.0 12.5

DSNB rate [events/year]
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Backup

Upper limits for several models for SK-I — IV+VI

Antoine Beauchéne

Horiuchi+21
Hartmann+97 CE
Tabrizi+20 (NH)
Nakazato+15 (min, NH)
Nakazato+15 (max, IH)
Malaney+97 CGI
Kaplinghat+00 HMA (max)
Kresse+20 (Fiducial, IH)
Kresse+20 (Low, IH)
Kresse+20 (High, IH)
Kresse+20 (Fiducial, NH)
Kresse+20 (Low, NH)
Kresse+20 (High, NH)
Kawasaki+03
Horiuchi+09 6 MeV, max
Horiuchi+18 &5 = 0.5
Horiuchi+18 ¢>5 = 0.1
Galais+09 (NH)
Galais+09 (IH)
Lunardini09 Failed SN
Totani+96 Constant

Ando+03 (updated 05)

February 2, 2024

Significance [0]
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