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INtroaduction

Massive stars M, = 8 — 10 My live relatively short lives ot NASA
feailt.

Die In core-collapse supernova .
. P P . . Sun-like Star _ - |
explosions . - Massive Star Red

sy \ (more than 8 to 10 times the mass of our Sun) Superglant
g \ Protostars
My <8 — 10 Mo, N .;

Red Giant Star- Formlng

Nebula ,; 3
) Remnant: Neutron star / ,
=) ~99% of the energy from the SN
released as neutrinos (all flavours) ; .
“ Neutron Star Supernova
Planetary Nebula . > . o
White Dwarf Black Hole
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INtroaduction

Diffuse Supernova Neutrino Background (DSNB)

DSNB neutrino flux

* Neutrinos from all previous core-collapse supernovae 1015' L I A B IT' I
= |sotropic signal —~ O(10 MeV) 4 MeV -
o 6 MeV
» DSNB flux C?E S MeV =
" obtained by redshifting neutrino spectrum from single -~ :
SN according to the SN rate >
* Traces star formation rate ;E“Aw E
. S
* Not discovered yet =S
102 L 1 L1 PR T L (N T S S S AN S B
0 10 20 30 40 50

Eﬂe (MeV)
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Ntroduction

DSNB searches
. Detectior
4.0 _1e53 :
= \Water Cherenkov detectors (SuperK, HyperK) IR C- VPR

0 2D Blackbody DSNB exclusion

= |iquid argon (DUNE) and scintillator (JUNO)

o
o

o Water Cherenkov detectors

N
ol

= Dominant channel inverse beta decay
Ue+p—et +n

=
o

'7(3 (3+

SN V. energy in 10°3erg

\\
~
~
~ -
~ -
~~~
--------

o
U1
|

O
o

S
T, [MeV]

SuperK Collaboration arXiv: 2109.11174
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INtroaduction

* HyperK should be able to probe thermal annihilation cross-sections for DM of mass ~ 20 - 40

MeV for annihilation into neutrinos.
xx — v, 20 yrs, 90% CL

-22
10 E | | I 1T 1rrii I | | P 1T 1rrri I | | I 1T 1I1rl I IE
- e—e SuperK 2020 NFW -
- — - HyperK DR NFW )
NEFW
: 1023 | 2 _
DM profiles : 1 — FC v, + v,
> Isothermal Tw i 1T ig e
-~ u \' - V,u T V,U
> NFW _ /
E)/ 10 24 3 -
> Moore A~ E E PDM
§ - T FCuv, 4+ v,
~— - il -
10-25 B FC v, +v,
= = PCv,+v,
_____ ~~.__ Thermal relic -
10_2f0_2 | | L1 1 I]ig_l | | L1 1 I]I-IIOO | | L1 1 I]I-IIOl | | L1 1 I]I-IO2 Be”, Dolan & SR
arXiv: 2005.01950
m, (GeV)
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[yper-kamiokande

* 3rd generation underground water Cherenkov detector
=) Kamiokande (1983-1996) - 1987 first detection of supernova neutrinos

=) Super-Kamiokande (1996-present) - 1998 discovery of neutrino oscillations

e 188 kton fiducial volume ~ 8.4 times larger than SuperK
* High-QE PMTs IF
» Less overburden ~ 650m (SuperK 1000m) *

Cross section WP
S Do e O D0

HyperK Design Report

arXiv:1805.04163 TOYAMA
2\ Super-K ¢
http://www.hyper-K.org/en/detector/detector-detail.html “3; (Mozuml Mlné)
ISHIKAWA s T
Hyper-K
; (T ochibora Mine))
.......... ..‘.‘ ‘.‘:.‘ GIFU NAGANO

Takayama "

-nat
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http://www.hyper-k.org/en/detector/detector-detail.html

AN

Can neutrinos from DM annihilation

contribute a significant background @ 7
to DSNB searches?

AN



Background for DSNB searches

Atmospheric Neutrinos Cherenkov light

Neutrino
J +J—
Charged

particle
In water

e (Charged current interactions

Image credit: ICRR (Institute for Cosmic Ray Research), The University of Tokyo Vp + N — 7/ 1 N’
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Background for DSNB searches

* Invisible Muons
Neutron tagging - Gadolinium

1%
H E, S 80 MeV electron
invisible anti-neutrino
Ve Gadolinium
s, 1
S e proton neutron Gd
, & i N/ P n
Exin S 50MeV yr-4 O""’ O ”
| A
pugt)'e
positron & \ Y
visible e Y
Positron signal Neutron signal
*» Muon induced spallation £, S 16 MeV * Elastic scattering (Neutral current interactions)

V+e— 1V +e€
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DM Signal

Neutrino flux from DM annihilation in the Galactic halo

d®, (ov) dN, ' DM particles o
E, bl b ( particles producing
dE, ~(Ey, b 1) = 87T7n3< dE, J(b,1) vs along the l.os.
/\

Differential neutrino

. . spectrum Horizontal coordinates @ HyperK
Galactic coordinates ‘ ‘ —

75°
60° ‘
Tracking the GC

15° 4
@) Oo
)

_150 Y

750 E
1021 1022 1023 1024 1041 1022 1623 1024
J(GeVQCm_5) .](GeV2c1n‘5)
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DM Signal

Neutrino flux from extragalactic DM annihilation

* |sotropic signal Enhancement due
to DM clustering

1073 ¢ -
d®, (ov) c QP 0Pe,0 /Z“p 7» A%(2) dN,(E,)
dE,/ 2 47TH() mi 0 \/Qm,O(l 2)3 QA,() dE:/ T@;‘J 104 ;_ _;

/\ - - -

. CT]E 10_5 = 3

Differential neutrino © : :

Beacom, Bell & Mack astro-ph/0608090 spectrum ?‘5 o6 _/ —— Beacom et al. _;

Nl : — Yuksel et al. E

,@T mﬁ) i Watson et al. :

* Assumptions o R :

~ - Press-Schechter -

. . 10'8 JI 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1

= DM density profile 0 5 10 15 20

=) DM clustering factor (halo mass function) E,(MeV)
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DSNB Signal

Neutrino flux from core-collapse supernovae

* |sotropic signal from all previous core-collapse SNe

* (Core-collapse SN rate

50

. E(M)dM
Reesn(2) = px(2)
cesn(2) = pu(2) i Mf(]‘Af)dM \ » DSNB flux

Initial Mass APy, _ € pa RCC'SN(Z) dNp,
Function | dEﬁe Hy 0 \/Qm(l ‘l‘Z)B + QA dEl;e

* Neutrino spectrum |
IN- * Assumptions
= f(Tﬂea EDe)

dE, = Star Formation Rate (SFR)

= |nitial Mass Function (IMF)
Neutrino temperature

Horiuchi, Beacom & Dwek, arXiv: 0812.3157

(E,;e )dz
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Can neutrinos from DM
annihilation contribute a significant @ &
background to DSNB searches?

N



DSNB flux

o Salpeter IMF

*» SFR: continuous broken power law

Salpeter IMF
1 O 1 | | | | I | | | | I | | | | I | | | | I | | | |

T, =4 MeV T, =6 MeV

: : _ o 1+ z bn 1+ z o t/m — ./'A\\ -—-- Upper -—-- Upper
,0*(2) — PO (1 + Z) "o B -+ 8. ' — Fiducial — Fiducial T
- — Lower - — Lower

] T,j :8 MeV
= Fits from Hubble and GRB data e
Upper _
— Fiducial_
SFR Fits ; Q Vi Y N Lower -
A\ -
Upper 36 -01 -25 R ;\\ :
] N N\ \s
\ \
F'd M I 34 _03 _35 10'2 L l l l | l l l l | l |\|, ‘B | |\| N | ] ] ] ]
(GHEIE 0 10 20 30 40 50
Lower 32 05 -45 E; (MeV)

Horiuchi, Beacom & Dwek, arXiv: 0812.3157
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101

Detector simulation .

E; =100 MeV
75° .

=
o
IN

I SKIFIVu, +7,

E2®, (GeVem s lsr1)
o

* GENIE neutrino Monte Carlo event generator P SKIVy,+7,
. ——HKKM11 v, + 7, (W/ 0sc.) \\\ . ke
Andreopoulus et al. arXiv:1510.05494 O HKKMLLy, 47, (w] osc) D ——
107 HKKM11 v, + 7, (wo/ osc.) \e a
- - -HKKM11 v, + 7, (wo/ osc.) BT oaaa.
* ROOT geometry package - detector geometry 100 L vt il 1500 3000 4500 6000 7500 9000 10500
E, (GeV) ®, (GeV Im 25 tsr )
Atmospheric V 4D flux
b, (FE,, 2 a)
14 U Y, . T
HyperK HKKM11: arXiv:1102.2688
-
V' Water
Y/ Stainless steel v Kinematics v/ Tracking |
leptons & pions
V' Concrete V Vertex of the |
v/ Standard rock interaction v/ Smearing
UNIVERSAL NEUTRINO GENERATOR
& GLOBAL FIT
Bell, Dolan & SR
Inner Detector arXiv: 2005.01950

Outer Detector
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DSNB and DM events @ HyperK

15 =6MeV, <0v> =4 x 10" cm?s™!

g’j 30 _1 L I 11 1 I rF 1 1 1 I I 111 I I 111 I I 11 1 I I L L 1 I 1T 1T 1 I I 111 I I 1 1T 1 I I 11 1 I | I B L I | I B L I I 111 |
S FCo, T FCv. I DSNB
S 251 m, =20MeV - my =21 MeV - mmm Salpeter Lower SFR
g : % 1 7774 Salpeter Fiducial SFR
E 20 - / I /] Salpeter Upper SFR
0 [ 4 I DM
Q0 - 7, +
; 15 :_ _:_ (Galactic halo
% oF i I Extragal. M, = 103M
= C ,A 7 T Extragal. M, = 107’M 5
& f 7 T
z o> .y Spallation
S, L T
5 O ; 1 1 1 I L1 11 I L1 1 I L1 1 1 I | |
5 10 15 20 25 30 35 5 10 15 20 25 30 35 40

Ekin (MGV) Ekin (MQV)
Bell, Dolan & SR
arXiv: 2205.14123
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—xpected signal and background @ HyperK

DSNB + DM == wrong SFR at 90% CL

m, =20MeV, 1; =6MeV
70 | | | | I | | | | I | | | | I | | | | I | | | | I | | | |

Fﬁﬁm

DSNB
I Salpeter Lower SFR
Salpeter Upper SFR

Thermal relic DM
Galactic halo

Extragal. M,,;, = 107°M 4
Extragal. M, ,;, =10"°M 4

Ul
o
IIIIIIIIIIIIIIIIII

Background

Atmospheric v,

|||‘

Events/2MeV /0.188 Mton/10 years
W
o

10 HyperK Inv. u w/ neutron tag.
M Spallation
O | | | | I 'l | | | I | | | | I | | | | I | | | | I | | | |
10 15 20 25 30 35 40 Bell, Dolan & SR
Fiin (MeV) arXiv: 2205.14123
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—xpected signal and background @ HyperK

DSNB + DM == wrong SFR or wrong T, at 95% CL

m, =21 MeV
0 e DSNB
50 : 1 M Lower SFR T, =4MeV
4 Upper SFR T;, =4MeV
50 lzzzmm Lower SFR T}, =6MeV
'/ /

Thermal relic DM
Galactic halo

Extragal. M,,;, = 107°M .
Extragal. M,,;, = 107"M .

/
L%

7 —7 7
w VA

AL

s

Events/2MeV/0.188 Mton /10 years
W
=

20 Background
- Atmospheric 7,
10 % | HyperK ‘ Inv. u w/ neutron tag.
O:""|""-|----I----I....|.... Spallation
10 15 20 25 30 35 40 Bell, Dolan & SR
Fyin (MeV) arXiv: 2205.14123
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Is there a way to reliably
disentangle DSNB and DM signals?

AN

@19



On-off analysis @ Hyper-K

15 =6MeV, m, =20MeV, <av> =4 x 107 * cm?s ™!

20— —r— — — — — — —
B DSN]% Salpeter LO\:ver SFR | FCv, 1 s DSN]% Salpeter Fldlu(nal SFR | FCv,
i DM Galactic halo 1 DM Galactic halo _

15 o DM Extragal. M, =10"°M T B DM Extragal. M, =10°M -
. o DM Extragal. M, =107"M + DM Extragal. M, =107"M -
- /4 DSNB Salpeter Fiducial SFR T ZZ1 DSNB Salpeter Upper SFR -
) T W

X

'.A

"A'l’//'l’7 —

Events/0.188 Mton /10 years
-
o

|

|

|

1.0 —0.5 . . . . 0L
COSZ 70S 2

Off region Bell, Dolan & SR

arXiv: 2205.14123
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Summary

» Pollution from neutrinos from light DM annihilation

®» could lead to incorrect inferences about the astrophysics behind the DSNB and potentially
missing a sub-GeV DM signal.

* Using our dedicated simulation of the HyperK detector, we have shown that this could occur.
* Fortunately, a simple on-off analysis can help in detecting the presence of DM.

* This technigue can be applied to other experiments that have sensitivity to the DSNB (JUNO
and DUNE).

Image credit: ICRR (Institute for Cosmic Ray Research), The University of Tokyo
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Thank you for your
attention!
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SACKUP
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Liquid water

101 ¢

f\ Muon energy loss
\
\

Detector simulation - FC & PC

T
- _
* Tracking final leptons and pions % E N\

- —— Total T

- Event CategOrieS: FC, PC %l% 101 lonization

| - — Bremsstrahlung
~ B Pair production

- —— Photonuclear Interactions

. Smearin [ — Rladiativle loss | | | |
D T T T BT BT /A T
g 1010'3 102 10t 109 101 102 103 104

B (GeV)

30 1 1 I 1 1T 1 I | L I 1 1T 1 I | L I 1 1T 1 I 11 6-0 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 |
< ! o—e HK DR 407% Photocoverage 3 i o ¢ _
\-; 25 — _ o __ 0.325 1 0.024 — : w :

7 f Ban /B, ] 5.5 _
- ] NN - i
% 2O: y = | ]
15k : S 5.0] :
B8 OF - 3 N Hyper-K DR -
= ] % i 1
= 10 - = [ i
~ i i = 4.5 —
N i i i _
= B — -
= : l '
O L1 1 I L1 11 I L1 11 I L1 11 I L1 11 I L1 11 I L1 1 4.0 i 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 |

0 5 10 15 20 25 30 35 0 200 400 600 800 1000

Eyin (MeV) pe(MeV)

DISENTANGLING SUB-GEV DM FROM THE DSNB Sandra Robles (King’s College London)



Detector simulation - FC and PC events

‘/ Validation against atmospheric neutrinos events expected at Super-K

500 1 1 ||||||| 1 1 ||||||| 1 1 ||||||| 1 | LI 900 [ 1 1 ||||||| 1 1 ||||||| 1 1 ||||||| 1 P 1T 111 B 1 |||||||| 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 Illllll
i ' C - 160 —
i FC Ve i 800 F- FC V,LL T - o~ PC V,u 7
wob — SKI 7 : — SKI : 140 | — SK 1 -
N - . - w0 700 - . - n - .
> - G18_02a solmin ] & - G18_02a solmin - > 120 G18_02a solmin _-
< _ .- S 600 F A T - e
< : G18_10a solmin | = = G18_10a solmin 4 = - G18_10a solmin -
o 300 -1 o - 1 < 100 —
S i 1 2 500F -4 S - .
S - {4 S - ] < - _
= - 1 Z . ] T 80 ]
Z 2001 3 z*00F ERR - :
3 i 1 5 300F 3 g 60p -
3 i 1 & : 1A a0k :
100 _ _ 200 | = - :
: 1 100F . 2OF E
O Ll Ll e g gl L1 ||||||_ O: c oy vl L1 ||||||—|_|_|_||||||| L1 |||||_]: O- 11111l L1l l |||||||_LI'I|||||||| NI
102 10° 101 102 103 102 10° 101 102 103 10t 10° 10t 102 10° 107
E, (GeV) E, (GeV) E, (GeV)
SuperK-1 hep-ex/0501064 Bell, Dolan & SR

arXiv: 2005.01950
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Background simulation

Neutrino oscillations at HyperK depth — nuCraft + Earth PREM model
Wallraff & Wiebusch, arXiv:1409.1387

* Normal hierarchy

» QOscillations parameters from PDG

1.0 1.0

0.5F

AltitUde N 0'6 S) 2
§ 10.5 I § 0.0 ._'%'._}—_,. :
10.4 ™ |
10.3 O
—05- -
410.2 R
10.1
—1.0 Sl - 0.0 —1.0 vy 0.0
1072 101 109 101 102 103 1072
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Atmospheric neutrinos @ HyperK

FLUKA (13 MeV —100 MeV) + HKKM11 (100 MeV — 1TeV)

105 = | |||||||I | |||||||I | |||||||I | |||||||I | ||||||E 105 = I 1T 1T TTIn I 1T T TTIIn I 1T TTIHnh | |||||||I | ||||||E

- FC v, . . FC v, .

104 L HKKMI11 _ 104 L HKKMI11 .

T F FLUKA 3 ,  F FLUKA °

s : Combined ] & i 1 [T Combined -

> 103 Spallation § = 10° Spallation —=

-) = - -] = -

a N 1 &N C ]

< C 1 [ ’
5 2 = 2

= 10° & - = 10° —=

O = 1 O = =

> - 1 = = s

£2 C 1 & j _

101 a = 101 = IE

100 | ] |||||||I ] llllllll ] llllllll ] llllllll ] IIIIIIT O | ] |||||||I ] llllllll ] llllllll ] llllllll ] ||||||:

1072 101 10° 101t 10° 103 1072 101 10° 10?% 10° 103
Ekin (G@V) Ekin (GGV)

Bell, Dolan & SR

FLUKA LowE: Battistoni et al., Astropart. Phys. 23 (2005) 526 arXiv: 2005.01950
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Background for DSNB searches

* Neutron tagging - hydrogen » SuperK has been upgraded to include gadolinium

m) Detection efficiency at SuperK ~20% =) Detection efficiency > 70%

electron
anti-neutrino

Ve Gadolinium
proton neutron Gd

.50

Ny

ositron &
P e Y

| | Positron signal
SuperK Collaboration arXiv: 2109.11174
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Background for DSNB searches

* |nvisible muons from HyperK design report o Background at HyperK

Neutron tagging - Gadolinium

Without Gd
neutron tagging

Atmospheric v,

electron Spallation

anti-neutrino
Ve Gadolinium

Inv. © w/o n tag.

2
—
C@ -
O = _
P § R
- L —
— L _
~— L -
- E _
= o -
proton neutron Gd S ] Inv. p w/ n tag. —
' P n % E _
; — 150 - -
llll’ > CD B -
b P % 100 =
‘ P QB = | i
positron ~ L With Gd t taooi ]
- Y \ Y é 50 : | neutron tagging :
O - =
< - . > O 1 1 I L1 11 I 111 I L1 11 I 111 I L1 11 I L1 11 I L1 11 I L1 1 I-
Positron signal Neutron signal ] 10 20 30 40 50 60 70 80 90 100

Eyin (MeV)
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600

[yperKk projected sensitivity

Neutron tagging - Gadolinium loading

U

o

o
I

1N

)

)
I

w

o

o
I

N
()
o

Events/2MeV /0.187TMton/20years

Ve

Ve
Spallation

Inv. n* w/o n tag. 1

Inv. u* w/ n tag.

Bell, Dolan & SR
arXiv: 2005.01950
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DSNB Signal

Neutrino flux from core-collapse supernovae

Core-collapse

SN rate 1015"" AL L ""|""E
\/ . : Salpeter :
— i 1; =4 MeV
d®p, _ € Zmax Rocosn(z) dNp, ( E \dz Tm 15 =6 MeV 7
dEg, Hy Jo \/Qm(l + 2)3 + Q) dE;—,e . B 10° 15 =8 MeV =
_{g BG
/\ | - - 15 =4 MeV -
dNp. (E/ ) = 120 E*ot E;i 1 'me mm‘ E r - = 1, =6 MeV 7
dBp, """ Tnt 6 Ty, ePec/Tre 41| spectrum 5.1 fr =8 MV 3
S4S N :
Horiuchi, Beacom & Dwek, arXiv: 0812.3157 ‘ .\’\.\ .
102 v b b N ey Ty
* Rather insensitive to the IMF 0 10 20 30 40 50
=) Salpeter, Kroupa, Baldry-Glazebrook (BG) Ey, (MeV)
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—xpected DM events @ HyperK

- m, = 20MeV, <av> =4 %x107% cm’s™! ‘ m, =30 MeV, <av> =4 x107%% cm?s™!
;U—IJ | | | | | | | | | | | | | | | U B 1T 1 1 T 1 1 T 1 1 1T 1 1 T 1 1 1T 1 1 _
S | B Galactic halo FC v, _ § - B Galactic halo FC 7. 1
> i i _ ol _ € -
S 10 e e e 101 R Tt S
= i . My o = 6F xtragal. M,;, =107"M 4 .
= | - - —
Qo B 7 Q - -
+ 8 — - -
= f ] =5E _ =
0 I 1 o :
—~ 6 1 = 4F 3
S 1 2 ¢ :
= - 1 » 3F -
o 4 — o [ N
= - 1 = 1 n
~ | 1 @ 2F E
& 2r ___ 1 Z,4E B :
5 - 1 & ~F T -
> - 1l > F — | Bl
m O | m O e A e A =
5 5 10 15 20 25 30 35

Ekin (MeV)

Bell, Dolan & SR
arXiv: 2205.14123

DISENTANGLING SUB-GEV DM FROM THE DSNB Sandra Robles (King’s College London) (< B >




