Dark matter searches using
Low-E data of Super-Kamiokande

o Koun Choi (IBS-CUP)

CENTERFOR "M
o UNDERBR[]UNDPHYSICS
\\ .”;7.'} | 5th International Workshop on the Identlﬁcatlon of
- ¢ / Dark Matter July 8-12, 2024, L’Aqwla ety




Super-Kamiokande Experiment (SK)
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Print: hep-ex/0404025 [hep-ex]

Search for Dark Matter WIMPs using
Upward Through-going Muons in Super-

Phys.Rev.D 70 (2004) 083523, Phys.Rev.D 70 (2004) 109901 (erratum) * e-
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https://arxiv.org/abs/hep-ex/0404025
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Search for neutrinos from annihilation of
captured low-mass dark matter particles
in the Sun by Super-Kamiokande

Phys.Rev.Lett. 114 (2015) 14, 141301 - e-Print: 1503.04858 [hep-eX]
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New possibilities to directly search for DM in neutrino
detectors
e momentum threshold O(1) MeV (SK) is too high to detect

nuclear recoils from thermal relic DM (~keV)

® In case of boosted DM scenarios, neutrino experiments can see

high tail of the signal spectrum

Electron-Induced DM Flux
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C.Cappiello et al., Phys.Rev.D 100 (2019) 10, 103011 « e-
Print: 1906.11283 [hep-ph]


https://arxiv.org/abs/1906.11283
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Boosted dark matter searches with electrons

® search for dark matter A annihilating from the GC (NFWV profile) to dark particle B

* dark matter scattering off electrons in the SK mediated by dark photon

700 - 1 ma=0.5 GeV ma=2.0 GeV

/‘N ——a Ma=0.9GeV T2 ma=6.0 GeV
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GENIE-BDM e-Print: 1812.05616 [hep-ph]


https://arxiv.org/abs/1812.05616

SK-VI sensitivity on DM-
electron scattering cross section
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® binned spectral likelihood fit for reconstructed
Energy & Right ascension (RA) & Declination (0)

® |0-100 MeV MC set (actually DSNB flow without
neutron tagging)



. Search for Boosted Dark Matter Interacting
SK-VI sensitivity on DM- With Electrons in Super-Kamiokande

eIeCtron Scatterlng Cross SeCtlon Phys.Rev.Lett. 120 (2018) 22, 221301 - e-Print: 1711.05278 [hep-ex]

mBzo.OOSGeV mB=0.04GeV —— mBzo.lGeV 10_1; | I L I | L | I L S
—— mp=0.01GeV —— mp=0.06GeV mp=0.2GeV B -
—— mp=0.02GeV —— mp=0.08GeV 102 Annihilation _
Sens. eBDM SKVI -- NFW - N f
] \\\5‘9-‘

107 “E R
] C N\ e -0 |
107> 3 10~% | ol —
] = \\ .a” ;
10_6 —: -5 I | | L1111 II | | |- III| | | I I | |
E 10 ; [ I T II][I I [ LI Illl I I L IIIE
1077 O F ]
_ 7 W Decay =
] ok :
1078 - ) e s -

: —— —_— ] —_— ] S I Ty
10-1 100 10! xE N E
ma [GeV] § E N -
g [ 1
t 1074 = —
P . . . V) = 3
binned spectral likelihood fit for reconstructed E mB=0.2GeV, mZ=0.1mB
Energy & Right ascension (RA) & Declination (0) ] | | |
lo—ioo | 1 I l:lLOI | | | 11102 1 | 1111 I:Il.03

MA (GeV)

® |0-100 MeV MC set (actually DSNB flow without
neutron tagging)


https://inspirehep.net/literature/1636190
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Boosted dark matter searches with nucleons

16
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e DM particle can be energetic enough to knock

out a nucleon

® Cherenkov radiation from proton is detectable in
WCD

13



Boosted dark matter searches with nucleons
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e DM particle can be energetic enough to knock

out a nucleon

® Cherenkov radiation from proton is detectable in

1= \ WCD
| ]
= RN
2 | ~ "
g 0 5_ %{ v Cherenkov momentum threshold of proton
c 0. = ~
% ﬁ% .I.I GeV |
E - difficult to reconstruct high-energy protons

i due to hadronic interactions

TR oo PO ST S N TR SRR R

079200 1400 1600 1800 2000

roton momentum (MeV/c .. . .

P (MeVie) — limited signal window: 1.2 GeV
FIG. 2: Probability of hadronic interactions in the water as

a function of proton momentum. The clear region shows the
: g <p<23GeV

fraction of protons that do not interact hadronically in the
water. The cross-hatched region shows events whose inter-
actions produce only sub-threshold secondaries. The region
with a vertical hatch pattern corresponds to production of
above-threshold charged secondaries, with no 7°. The hori-
zontally hatched region shows the amount of 7° production.

Phys.Rev.D 79 (2009) 112010 14



Search for Cosmic-Ray Boosted Sub-GeV Dark
Matter Using Recoil Protons at Super-Kamiokande

Phys.Rev.Lett. 130 (2023) 3, 031802, Phys.Rev.Lett. 131 (2023) 15, 159903 (erratum) - e-Print: 2209.14968 [hep-ex]
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https://inspirehep.net/literature/2158374
https://inspirehep.net/literature/2158374
https://arxiv.org/abs/2209.14968

Boosted dark matter searches in Water Cherenkov
Detector with neutrons

Q. ..
E - neutrons don’t emit Cherenkov radiation
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Boosted dark matter searches in Water Cherenkov
Detector with neutrons

- neutrons don’t emit Cherenkov radiation

- instead, O(MeV)
gammas are emitted
when neutrons are
captured by a nucleus
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Boosted dark matter searches in Water Cherenkov
Detector with neutrons

- neutrons don’t emit Cherenkov radiation
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Boosted dark matter searches in Water Cherenkov
Detector with neutrons
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Boosted dark matter searches in Water Cherenkov
Detector with neutrons
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Super-Kamiokande Gadolinium Project (SK-Gd)

The Ist Gd-loading Jul. 14 - Aug. 18,2020
(35 days to replace 50,000 tons of water at
60 m3/h) — start of SK-V| !

The 2nd Gd-loading Jun. | - Jul. 5,2022 (35
days to replace 50,000 tons of 0.01 Gd
water with 0.06% Gd water at 60 m3/h) —
start of SK-VII !

27tons ;
=1350 x 20kg cardboard boxes!

photos taken by H.Sekiya (Yemilab workshop 2022)
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Neutron tagging with Gadolinium

l+
v p / :
________ >0 Candidates!
P - Y Delayed signal
Do @® ; (Neutron capture)/ :
n : :
C Gd 25 hits/200 ns Background events :

: I I oo o
: I >
Neutrinos from < >

aStSNe 4 I-lS 535US

When SHE trigger is issued without an OD
trigger, AFT trigger is issued — all hits in the

535 pusec recorded for neutron tagging
(reduce BG)

Big Bang

Primary goal for SK-Gd: first
observation of DSNB!

Neutron like...

new neutron tagging methods
based on multi-variate analysis

= achieving >60% efficiency in
SK-VII

0 0.2 0.4 0.6 0.8 1

TagOut [0.01/1bin]

M.Harada, @Neutrino2024



KC, Jong-Chul Park (CNU) in preparation
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Search for de-excitation y + neutron pair
- Promote SM baryon number symmetry to gauge symmetry; SU(3)C ® SU(2)L ® U(1)Y ®

U(1)B
- A,B are charged under U(1)’

- dark matter B is charged under U(I)B, can talk to SM
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Signal simulation: BANMC (https://github.com/
pgdeniverville/BANMC) +NEUT + WCSim
(https://github.com/VWCSim)

primary gammas (prompt)

secondary gammas (prompt)

captured gammas (delayed)
15000 - ‘

10000 +

Events

2000 ~
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1 . JL;L,.’\
0 . ﬂl \A\P—W” ;
2.5 a.0 7.5 10.0 12.5 15.0 17.5 20.0

True energy [MeV]

KC, Jong-Chul Park (CNU) in preparation

Background (mostly atm v) simulation:
Phys.Rev.D 109 (2024) I, LOI I IOl
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® pros: observable energy is not function of DM physics *

® cons: observable energy is not function of DM physics

* v energy is always ~O(10) MeV irrelevant to the momentum transfer,

no Cherenkov threshold concerned here

+ Data
NCQE
NC non-QE

2% Non-NC
Accidental
BIC

== INCL++


https://github.com/pgdeniverville/BdNMC
https://github.com/pgdeniverville/BdNMC
https://github.com/WCSim

KC, Jong-Chul Park (CNU) in preparation

Sensitivity for SK-V| (552 days)
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® neutrons enhance sensitivity by an order of magnitude compared to

recoiled protons

® neutrons allow to explore a wider range of (in particular low-mass) DM

models that could not be accessed using protons

MinibooNE: Phys.Rev.D 98 (2018) 11

25
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e Dark Matter Annihilation in the Era of
| Recombination

= The angular power spectrum of the CMB is highly sensitive to any energy
that may have been injected into the universe during the era of
recombination

= Planck data has been used to exclude dark matter candidates with velocity-

N— e+ N independent (s-wave) annihilation cross sections lighter than ~10-30 GeV
| (unless they annihilate mostly to neutrinos)

—22
—_— 10 ? ,.:::.‘-:':' — ete—
— 1 1 i ‘..'..- . —_— ”_,_”_
= : . & 1075 Pt -
Centre Boosted S, § e — qg
= DM § 107 5 b
X +)( —> U+ \_.,/ < Fermi/HESS e~etf 7
Ti 10-25 AMS/PAMELA positron fraction [ — \w+w-
n - ———___Thermal cross-section _ _ _ __ ______ — 7
L 102 , 88
g AMS anti-proton excess — oy
~ Fermi Galactic center excess — hh
10_27 T T T T T T T T L B B |
10! 102 103 10*
my, [GeV]

Planck, arXiv:1807.06209

Dan Hooper, @IDM2024



Sub-GeV DM annihilation to neutrinos

N.Bell et al, JCAP 09 (2020) 019 « e-Print: 2005.01950 [hep-ph]
xx — v, 20 yrs, 90% CL

Indirect search for dark matter from

the Galactic Center and halo with

10_21 - ) LI IIIIII 1 LI llIII 1 L IIIII the Super_KamiOkande dEteCtor
§ o—e SK 2016 NFW Phys.Rev.D 102 (2020) 7, 072002 « e-Print: 2005.05109 [hep-ex]
- - - HK TDR NFW
102 — SK DSNB w/o Gd = NFW
F| - - HK DSNB 10 yrs w/ Gd 1 — FCur+7
~ . \ . FCuv, +v,
é | e R
~ L\ , —— e -
R 10-24 | r . B s _ PDM
g ! g — - FC v, + 7,
~ C , e HK ]
B 5 N FC VU + l_/ﬂ
B /7 \/ ] —
1025 L | , i PC v, + 7,
= ;77 _ 3
C 7 T~ Ih(*rnml relic 1
10-26 1 l\llllll 1 L L L 1lll .' 1 1 1 llllll 1 L1l L 1l
102 101 109 101 102
mpu (GeV)

best limit expected here

Goal: examine simple thermal freeze out scenario for s-wave annihilation with neutrinos
Hope: reach the thermal relic cross-section using SK & SK-Gd data,

or demonstrate HK can do it!
27


https://arxiv.org/abs/2005.01950
https://inspirehep.net/literature/1795075
https://inspirehep.net/literature/1795075
https://inspirehep.net/literature/1795075
https://arxiv.org/abs/2005.05109

Sub-GeV DM annihilation to neutrinos

5325.8 days SK sensitivity

—+— SK 5325.8 days, all flavor
10-22 4 —e— this work, Ve
] N.Bell et al., HK 20 yrs, ve+V,

> thermal relic

o T
102 1071 10°
DM mass [GeV]

LA ALY | 4 i L |
10! 102

Goal: examine simple thermal freeze out scenario for s-wave annihilation with neutrinos
Hope: reach the thermal relic cross-section using SK & SK-Gd data,
or demonstrate HK can do it!



Conclusion

149
i1 &

e SK already has a data ready for leading dark matter searches
o SK-Gd offers new opportunity for DM search

® Results & techniques developed for SK DM searches highlight the HK as
multipurpose detector

29
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A. M. Ankowski, Phys. Rev. Lett. 108, 052505 (2012) KC, Jong-Chul Park (CNU) in preparation

Nuclear de-excitation Gamma-rays

. v (ELK) ©
simple shellmodel: " "
(p1/2)-1: removal E = 17.6MeV
(p3/2)-1: removal E = 21.9MeV OO0 particle (p, n, a, etc.) decay + y emission
(s1/2)-1: removal E ~ 45MeV ” QOOO-'OO (53/2)-1 6 18 MoV v with branching rat
- O000  (p3/2)2 8.61 (ye y with branching ratio of
9%

f(E) (1/MeV)

B OO (p1/2)-2  nogamma emission
1% (EV, k) '
p’s n’s
oy=0c(v+'80 2 v+y+Y +N)
Spectroscopic function: removal probability =) o(w+'§0 5 v+ X+ N)Br(X, »7+Y)
for each shell state ~ integrated area a
4 : : .
' ' ' 1 : . —— v-induced 7’s YO,V N) e
201 { neutrons - - Simple shell | Ankowski —— p-induced 7's 160(, 7/ N) -
protons model et.al. I
P1/2 0.25 0.158
1.5}
P3/2 0.50 0.3515
Si1/2 0.25 0.1055
Others 0 0.385
Theoretical calculation (LDA approximation)
based on the O(e, e'p) experiment in JLab :
20 30 40 50 emission of y rays of energy larger than 6 MeV is ~41%

E (MeV) (contribution of the (p3/2) state is overwhelming)



KC, Jong-Chul Park (CNU) in preparation
Signal simulation

5000 - -
ma e | 2000
DM signal simulation: GeV] [GeV] e
10 0.05 2000 - 001 002 003  0.04
BANMC (https://github.com/pgdeniverville/BANMC): 10 o5
calculates dark matter-nulceon scattering events fora ,1....5.... |
two-component DM charged under the gauged 1 oo :
baryon number symmetry U(1)g 22 , S
N
+ NEUT (partially public): a neutrino-nucleus N U palGev] a N
interaction simulation, including nuclear effects such
as nuclear binding energy and final state interactions | | .
— primary gammas (prompt)
(FSI) secondary gammas (prompt)
) captured gammas (delayed)
+WCSim (https:/github.com/WCSim):a GEANT4- ™
based program for simulating particle propagation in
0.1% gadolinium-doped water, including secondary —
interactions + capture processes of neutrons (FTFP
BERT HP model)
5000 -
0 M%HH&* MM\"’W”‘“‘T“ -
2.5 5.0 7.5

10.0 12.5 15.0 17.5 20.0

True energy [MeV]


https://github.com/pgdeniverville/BdNMC
https://github.com/WCSim
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— g =1 GeV, m;=50 MeV, my, = 3m,
— g =1 GeV, m;=100 MeV, my, = 3m,
10 - — g =1 GeV, m;=500 MeV, my, = 3m,
atmospheric neutrinos
8 -
6- I
N i
T e
“ - ‘_\_\_
0 L] L] T T T L) T T T
7.5 .5 11.5 135 155 175 195 215 235 255 275 29
Visible energy [MeV]
12
—— mg =10 GeV, m;=50 MeV, my, = 3m,
—— mp =10 GeV, m;=100 MeV. my. = 3m,
10 - w— mp =10 GeV, m;=500 MeV, myx. = 3m,
—— mp =10 GeV, m;=1 GeV, my: = 3Im,
e mg =10 GeV, m;=5 GeV, my: = 3m,
8 - atmospheric neutrinos
6 —
4 —
I
2 - l
0 LJ L L4 L) L) 1 L) LJ L)
7.5 .5 11.5 135 155 175 195 215 235 255 275 29.
*trs 1+ LY Al

Signal

33

Phys.Rev.D 109 (2024) 1, LO11101

— 1. SHE + AFT, precut

3. effwall, pre-/post-activity cuts

5. charge/hit cut

NN 7

-N delayed cut

2. spallation cut
4. ring cleanliness cut

6. 6. cut

|l|||||l||l|||||

? 20 —
E ;. [MeV]
|
|
ma mp signal fraction signal
in [7.49-29.49] collection

[Ge

V] [GeV] MeV [%)]

efficiency [%]

10

0.05
0.1 72
0.5 79

1 79
3 80

64

12
14
16
17
17

65
72
78

12
14
16




