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Dark Matter (DM) Problem
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] Direct detection

Scattering rate of WIMP °. 37
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Particle physics inputs N N
e DM mass

e Differential cross section of WIMP-nucleon scatt.
Astrophysical inputs
e Local DM density  (e.g. ppyy = 0.3 GeV/em?)

* \elocity distribution (e.g. Maxwell-Boltzmann dist.)
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https://arxiv.org/pdf/2410.17036

[A. L. Fitzpatrick, et al. (2013)]

ll Connecting Experiment & Theory

Non-Relativistic EFT (NREFT) < 7

Non-relativistic WIMP-nucleon scattering
— Described by Galilean & Hermitian invariant blocks

¢ Momentum transfer . ig va=pr
o Relative velocity P =V + 5/ (2/41\7) N N
e Spin operator for DM ; S’;{ .

e Spin operator for nucleon : Sy

Connection w/ Relativistic theory (e.g. Majorana fermion DM )

v

Hy -

. relative velocity btw DM & nucleon

reduced mass of DM & nucleon

WIMP-quark Z, | plausible mediator NREFT basis (LO) SI/SD momentum dep.
¥y qq Scalar 0,=1,1y S| -

Yy y giv>q Pseudoscalar O = (S, Sy ) SD O(q*/(m, my))
X Q. Vector 6,=5,-5, SD _



https://arxiv.org/pdf/1203.3542

[A. L. Fitzpatrick, et al. (2013)] [C. A. J. O'Hare (2021)]
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Connection w/ Relativistic theory (e.g. Majorana fermion DM )

WIMP-quark gint plausible mediator NREFT basis (LO) SI/SD momentum dep.
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l 1. Electroweak Multiplet Dark Matter (1/3)

Setup

Definition: DM w/ Electroweak charge — connection w/ BSM scenarios (e.g. Supersymmetry, Extra-dimension)

x Electroweak Symmetry: SU(2), X U(1), , DM stability should be realized by other symme.

Feature 1: Correct DM energy density is explained for TeV scale DM

<O‘ann’U> ~ 3% 10 26 Cm3/s ~ /mDM » Mpn @(1) TeV  a,: SU@). fine structure const.
Y
Feature 2: Small mass splitting btw electroweak multiplets . A MEW ~ Qo @(100) MeV

(Radiative correction, assuming nipy => myy)

Interaction for SU(2). n-plet w/ Hypercharge Y-

Py = iz\/n — Q¥+ 12Oy W+ iz\/n — Q¥ - )2 W +h .. O(1) Tev
L,=—1 > Y)?}/”)(O’Z (for Y # 0O only)

cos Oy, : 0(100) GeV




ll 1. Electroweak Multiplet Dark Matter (2/3)

[S Bottaro, et al. 2022

Direct detection (Y = 0)

S| & SD cross sections via loop . Hisano, et ai. 2010

Cancellation in effective coupling w/ nucleon
0 ~ O(107% — 107%%) cm?

Candidates are above v fog

Indirect detection (S-fermion, Y = ()

GC : Constraint by H.E.S.S. (depending on core size)

dSph : 95% CL limit @CTAO w/ O(10%) h obs. i
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l 1. Electroweak Multiplet Dark Matter (3/3)

[S. Bottaro, et al. (2022)]
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Il 2. Pseudo-Nambu-Goldstone DM .........c...

Direct detection DM DM
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Setup : DM = pseudo-Nambu-Goldstone boson

: )y . h,: scalar mediator
Tree-level: Momentum-suppressed q l; 1> 772

m12 m22 m22 — m12 o ) /\
M X ~ £+ O(t7) : 0(q°/(m,my)) q q
t—mi  t—m3 mims

Loop-level: w/o qz-suppression (via soft breaking effect) i ishiwata, 7. Toma o18)

[Y. Abe, T. Toma, K. Tsumura, N. Yamatsu (2021)]

Status & Prospect 100 | Hiags decay
Possible connection: o f 2
) 107" & 4 _
e Gauged U(I)B—L SYMMETrY (. ave, T. Toma, k. Tsumura (2020) % i 7
1072 L ]
o GUT inspired scenario w/ SO(IO) symmetry [Y. Abe, T. Toma, K. Tsumura, N. Yamatsu (2021)] \
Decaying Dark Matter signature via kinetic mixing 107 3 % -
10—4 :%I;szzloég5(}e | | | | |§ |
Complementary probe: Indirect (incl. decay) & Higgs decay 20 10°
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https://arxiv.org/pdf/2001.03954
https://arxiv.org/pdf/2104.13523
https://arxiv.org/pdf/1810.08139
https://arxiv.org/pdf/2104.13523

l 3. Pseudoscalar-portal DM ......co....

Direct detection DM DM

5
W
Tree-level g l a: pseudoscalar mediator

e Momentum suppressed /\

* Spin-Dependent (SD) M x (S)( "q)Sy - q) (NRlimit) q q

Setup  : Pseudoscalar mediator & fermion DM

Loop-level: Spin-Independent (Sl) scattering (cf. (;/5)2 = 1)

[G. Arcadi, M. Lindner, F. S. Queiroz, W. Rodejohann, S. Vogl (2018)] [T. Abe, MF, J. Hisano (2018)]
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Type-I, Single Component DM Type-I, Single Component DM
Status & Prospect 0ol e ] ol o]
: : 500f - frfi e e e :
Benchmark model for collider analysis R Bt > =
[T. Abe, et al. (2018)] [S. Argyropoulos, et al. (2024)] " :.
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Non-relativistic scattering of Dark Matter @TeV scale

Beyond conventional WIMP search

1. High energy scattering
2. Sub-GeV Dark Matter




[l 1. High energy scattering

Search for high-energy dark matter interactions with the LUX-ZEPLIN

LZ event

Sep 1,2026,9:30 AM m £ Dark matter searche... [lIzEE1Y
® 30m

Q@ £%8 Maizuru

: P ted by S. Erik
Dark Matter search w/ extended window s resented by S. Eriksen

S @TeVPA2026
of nuclear recoil energy

Analyzed w/ NREF

eExposure  :2.34 tonne-years 0

* Recoil energy : 248 + 23(stat) = 23(sys) keV

Inelastic scattering

L _ _ / N
Higgsino (SU(2). doublet, Majorana fermion) 0 ,,0
eThermal mass: 1.1 TeV

e Associate neutral partner (mass splitting 0) 7 W=

LZ high energy event —Inelastic scattering?

[D.S. Akerib, et al, (2026) LZ]
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https://lz.lbl.gov/wp-content/uploads/sites/6/2026/08/LZ_Preprint_260901_Dark_Matter_EFT_Nuclear_Recoil_Search_at_Higher_Energies.pdf

1. High energy scattering

ll Solar capture & IceCube bound (1/2) ...

Terrestrial reach for mass splitting Mass splitting  Energy injection by DM
| 2
Accessible range of 0 HrV
— fixed by kinematics (v.s. energy injection) 5 S 2

Accessibility @underground detector

o Limited by DM speed :v ~ 230 km/s (average @Milky Way)

» Accesible for 0 < 360 keV

EoS: BSO05(AGS, OP)-_

e Limited by target mass : uy ~ my ~ 130 m,  (Xenon target)

Solar capture

The Sun can be suitable target for inelastic scattering

e Maximum velocity : ~ 1300 km/s around core

Capture Rate [sec'1]

e Various targets  : Fe(56), Ni(38), Zn(65), Ge(73), Pb(208), ---

DM annihilation rate is fixed by Capture rate @equilibrium
— Constrained by TeV neutrino search @ IceCube [2507.08457]



https://arxiv.org/pdf/2609.02775
https://arxiv.org/pdf/2507.08457

1. High energy scattering

ll Solar capture & IceCube bound (2/2) ...

Result

600 ! ! LI L B B B B T T T T T TT] T T ':':"lll T T llllll_ 600_ T T T 1
| SD loop ] | SI loop
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1 TeV Higgsino explanation for LZ (0 ~ 350 keV)
— Severe bound due to annihilation & loop-induced elastic scattering properties



https://arxiv.org/pdf/2609.02775

1. High energy scattering

. HiggSino Parameter Space [2609.01504] U(Umin,t):/U>vmind32}%fgal(ﬁ_|_ﬂe(t))

Standard Halo Model: Simplest option for DM analysis 0’1005""1.'.,; - Impact ondR/dE,
— T i ~~’~ - d d . :
f(V) X e—v2/v§ X H(Vesc — V), (VO = 220 km/s, Vogo = 540 km/s) g 0.010} ~~(Y~I~n~.epen ent sca’cterlng)E
=) S N
Parameter fitting for LZ event (w/ inelastic interpretation) 7 0.001} LMG
— Highly depends on DM velocity distribution i 10_4'
Revisited fitting: g 5
g -
e Standard halo model (SHM) -0 = 340 — 360 keV S
600 700 300 900
e Int. btw Milky Way & Large Magellan Cloud (LMC) : 6 = 480 — 500 keV Ui [k111/5]
Annihilation constraints:
e|lceCube : 0 > 566 keV 380 T SEE ] PO A AR
~ SHM /\ ) 520 LMC (rough] i
° y-ray : to be checked near future @CTAO 360 - 5 1 00 / RN .
o Lo cont fN : a0 —~
Crucial for inelastic interpretation: - L i !
320 — . . ]
- High-speed tail of DM , w0 g .
300 i
- Annual modulation 10° 10" 10° 10° 10° 10°

lul [GeV] (Higgsino mass) lul [GeV]




1. High energy scattering

ll Elastic scattering? (1/2)

0 pe rato Yy dnNna IySiS [D.S. Akerib, et al, (2026) LZ]

Local significance for NREFT leading-order operators

> Sloperator: O, =1, 1y

 Spectrum concentrate on low-Ep

(©f. @15 sug ey ~ 200 MeV ~ 1 fm™))

» SD operator: O, = S’;( : §N
e Controlled by spin structure func.

<. -fit

nt

» Interaction types

(Q\|
—
)
LLD
Interaction Mass (GeV/c?) leaitig) /
400 0.0
O7 1000 0.0
4000 0.0
400 0.8
O7 1000 1.3
4000 1.1
400 2.6
Oz 1000 9 7
4000 928
400 26
Oz 1000 9 7
4000 28

e Several interaction types explain similar local significance

(exception: interaction corresponds to O, @LO)

» DM mass

« Mass dependence turns irrelevant for = 200 GeV

LZ local significance [o]

Spin-independent form factor

ARES
Xe(131)
LZ
001! 248 keV
10~%
1079

- Xe(129)

50

100 150 200 250 300 350
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[2609.02608]
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S
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https://arxiv.org/pdf/2609.02608v2
https://lz.lbl.gov/wp-content/uploads/sites/6/2026/08/LZ_Preprint_260901_Dark_Matter_EFT_Nuclear_Recoil_Search_at_Higher_Energies.pdf

1. High energy scattering

ll Elastic scattering? (2/2) = -
g - ( ) dER 327TUE mNm?c N];;p wong . (Q )’
Pseudoscalar-portal s
[2609.17196]
Challenge: non-observation of low-£Ej e ey
c —— m,=100GeV
Possible solution: Pseudoscalar-portal E | by
> gL o N é)_ ﬁ:\% ----- m, = 800 GeV
» Tree-level pseudoscalar-exchange = O, = (S, @) Sy - q) ? \““Qz\ e
» g°-dependence: peak-shift toward high Ej-region = RN NG
N \ .\‘ \\\ s\
» Spin-dependent: relatively weak constraint on ogp, § \\\\
o - \\\ ‘\‘ ‘..:\\ \\\\
Kaede Furukawa H p24 cf. talk by Yuuki Nakano [D01] \ \\ "‘Q\\ RN
\ N "
Estimation of background events induced by solar-v in CF,-based DM detectors 200 400 600 800 1000
Er [keV]
WIMP-quark <, . plausible mediator NREFT basis (LO) SI/SD momentum dep.
Yy qq Scalar 0, = 1;( Ly S| —
—_— —_— 0 . g —_ - N 2
)(l)/s)( qzysq Pseudoscalar Of = (S)f q) Sy q) SD O(g /(m)(mN))
. ,u 5 _ 5 . - —
XX arirq Vector 6,=5,- Sy SD _



https://arxiv.org/pdf/2609.17196
https://arxiv.org/pdf/2609.04186v2
https://kaken.nii.ac.jp/en/grant/KAKENHI-PLANNED-24H02243/

[l 2. Sub-GeV Dark Matte

—44
Condition to detect dark matter recoill: 10
2

E ! E (mDMV) — 107
th < Lrecoil ~ s
Mr =

S 107
Kinematics of direct detection: §

* Threshold energy Ey ~ keV % 0™
* Averaged velocity Y ~ 1()—3 =

* mass of target nucleus : Ml ~ 100 GeV 10"

* Mg Z 10 GeV : Intensively searched

[J. Aalbers, et al. (2025)]

* Median 30 discovery potential

-=--- Median expected upper limit

Power constrained upper limit

: ) ———

Unconstrained upper limit

10°
WIMP Mass [GeV/c?]

10

We need another probe for mipy S 10 GeV



https://arxiv.org/pdf/2410.17036

2. Sub-GeV Dark Matter

l How to approach
Develop new experiments Celestial capture _

Optimize detection technology Gravitational capture of Dark Matter Boosted Dark Matter

for light Dark Matter mass (@Sun, White dwarf, Neutron star, BH) — easy to exceed energy threshold
MeV scale: » Pros. Ordinary direct detection (v-detector)
Kaori Hattori [A01] (POR) || p32 may probe sub-GeV mass region

. .
Superconducting Transition-Edge Sensors (Effectively) large target mass

oV soale e Gravitational acceleration > How to boost
Shunsuke Adachi [B01] (POR) || p11 > Cons. * Solar reflection
Millimeter-Wave Receivers , e Cosmic-ray
: * Astro. uncertainty e Blazar
e Signature v.s. background e Dark Matter particle interactions

[introduction for Publicly Offered Research (POR)]



https://www.lowbg.org/ugrp/files/lowbg-pamphlet-forWEB.pdf
https://kaken.nii.ac.jp/en/grant/KAKENHI-PUBLICLY-25H02197/
https://kaken.nii.ac.jp/en/grant/KAKENHI-PUBLICLY-25H02181/

2. Sub-GeV Dark Matter - [H. An, M. Pospelov, J. Pradler, A. Ritz (2018)]

XENONI1T
PandaX-II
LUX (2013)
XE100 (S1)
XE100 (S2)
XENONI10 ‘v

SENSEI ----

ll Boost Mechanism (1/2) & =

Scattering w/ high energy particles

o (cm?)

Theoretical estimation:

Solar reflection

1047 __ ‘ /'/ SuperCDMS —-—
- “". ¢'J ,-""' ./'
® p—scatterlng [T. Emken, C. Kouvaris, N. G. Nielsen (2018)] ] R A et
107 3 el "I' ('/’/ X freeze out
. traints : i
e ¢-scattering (1. an, M. pospelov, J. Pradler, A. Ritz (2018)] B T e
[H. An, H. Nie, M. Pospelov, J. Pradler, A. Ritz (2021)] 0.01 0.1 1 10 100 1000
mpwM (MeV)
Cosmic-ray boosted
| Experimental constraints
'p-SCatterlng [T. Bringmann, M. Pospelov (2019)]
[E. Aprile, et al. (2026) [XENON1T & XENONNT]] -3 [G. Shen, et al. (2025) [PandaX-4T]]
. , | N
® ¢ -scatterlng [Y. Ema, F. Sala, R. Sato (2019)] 107k RedGiant DAMIC-M = F(@=1
XY cooling constraint (halo DM) —_ .
NE 10—37
o
Blazar boosted CDEX10 -
°§ 10-38
: 3]
-p—scatterlng [ J-W. Wang, A. Granelli, P. Ulli (2022)] & 3
E 2 10-39 = XENONIT (S2-only)
o — me= PandaX-II (S2-only)
. 5 Q .
® ¢ —scatterlng [A. Granelli, P. Ullio, J-W. Wang (2022)] S : 5 — ;‘ENO_l‘“?(SZ'O“W) (Essig)
: ﬁﬁg?v“‘oig,s““ly % 1074 CDEX-SBDM
1038 %’ H.P.An-SBDM
3 ] I PandaX-4T (S2-only)
= - - = bEo o : 2 10~4 RG disfavoured
Theoretical estimation of sensitivity _ = e | B o dnt
. . . ' (this work) Sensitivity band (+10)
— — [ | i i A S T T W T T e
Constraint by dedicated analysis 10759 Lot o i ok 1 TRERTTITTREETY
m, [MeV/c?] DM mass [MeV/c?]

[see also: talk by Y. Xu @TeVPA2026 [LZ]]
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2. Sub-GeV Dark Matter

ll Boost Mechanism (2/2)

Multi-component Dark Matter DM, DM,

Heavier Dark Matter components inject energy to final-state . agasne, etal. o014

Relativistic acceleration is possible = Search target incl. large volume v-detector (e.g. Super-K, IceCube) DM, DM,

Satoshi Higashino [B03] || Direction-sensitive dark matter search using low pressure gaseous detectors

Natsuki Chin [BO3] || Directional Search for Boosted Dark Matter @ NEWSdm Experiment

Number changing process

Number changing process fixes Dark Matter mass scales

Semi-relativistic acceleration — Search target @low-threshold experiments
o4 - 2 e.g. [J. Herms, et al. (2018)] : mDM ~ Ol MeV, <04_)2V3> ~ 10_78 Cm9/S ’EDM ~ szM DM
3 -2 (Cf SIMP) [Y. Hochberg, et al. 2014)] = Mpyg 7~ 100 MGV, <03_>2V2> ~ 10_57 Cm6/S ; EDM ~ 3mDM/2

0—26

e 2 — 1 (Semi-annihilation) [ oeramo, etal. ooy : Mpy ~ 1 GeV (6, v) ~ 1 cm/s , Eqn ~ Smipy/4

DM ¢

m Oy_,1V
2 — 1 Boosted flux from Galactic Center: Dy =~ 3.2 X 1073 cm?/s oM (02,1V) [Betancourt, et al. (2025)]
100 MeV 10—26 cm3/s



https://arxiv.org/pdf/1802.02973
https://arxiv.org/pdf/1402.5143
https://arxiv.org/pdf/1003.5912
https://arxiv.org/pdf/1405.7370
https://arxiv.org/abs/2506.12642

2. Sub-GeV Dark Matter

B Semi-annihilation Boosted DM -cov e

(1) Semi-annihilation (@GC) (2) Scattenng (@earth) -
DM DM Boosted DM DM 10

10—27j~

DM U
10—29
Sensitivity & Scenario
¥y — yv : Semi-relativistic DM flux T 107" |
Symmetry behind semi-annihilation? %
— 7/, symmetry o 1073 ¢
»BSM scenario: Radiative v-mass model mr, toma oze)]
[ | [ | 1()_35 i
Takashi Toma [EO1] (publicly offered research) || p12 :
A radiative neutrino mass model w/ semi-annihilating BDM I
o o 10—37 i I
| 5
\ 3, CRESST-1I
Accesible to 6(10 — 100) MeV & o, ~ 1077 cm® S =
1072 1072 107! 10 10!

Possible connection w/ Neutrino mass generation



https://arxiv.org/pdf/2501.12117
https://arxiv.org/pdf/2606.02751
https://kaken.nii.ac.jp/en/grant/KAKENHI-PUBLICLY-25H02179/
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NEFEIFE BIFRABRMER AR E AT (A)

i = ) D Ei ‘ts
ll Summary s A TR aoRR a:

Investigation on the Origin and Evolution of Matter in the Universe by Extremely Rare Events
Frontier of Creating a New Insight on the Matter in the Universe

WIMP paradigm
Direct Detection: excellent probe for TeV WIMP

Targets for next-generation: WIMP above neutrino fog
e | oop induced interaction

e Momentum suppression

RO ZBALKRIMDER.
EEME O IEFEIZ BiE 9 RERNIRA

* Spin-dependent scattering

Beyond conventional WIMP search

FHOETRDESE LB NDIRE.
HBHREZa2—-MNJ)/D

High energy scattering SN EFETRE LT 5ERNHR
e Inelastic scatt. w/ mass splitting & elastic scatt. w/ high-£, spectrum

Sub-GeV Dark Matter

e Boosted Dark Matter (Sun, Cosmic-ray, Blazer, particle processes)

HERRROEBEBRMOEE(LLIhKZ
HET SRFE - iR

igation on the Origin and Evolution of Matter in the Universe by Exiremely Rare Events_ ( |

Let’s continue to explore WIMP landscape!

BERMAI SFEYVEOERREELZ
FRbT ZIEROVAR
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Indirect detection for
Electroweak Multiplet DM




CTAO LST-1 Preliminary result

Constraints on Real WIMPs with LST-1

* The Burkert case, the most conservative one, shown here.

As a demonstration based on first real data from the CTAO telescope,
the test of minimal DM candidates proven feasible

Wino, SU(2) triplet @ 2.86 TeV

10721 ;
] —— MAGIC 2023 (223 hr Observed)
1 —— NLL (Baumgart et al., 2026)
10-224 ~°° Tree + Sommerfeld (Baumgart et al., 2026)
—e— This Study (LST-1, 39.6 hr Observed)
] === This Study (4LSTs-North, 300 hr Simulated)
10~23 efe”
' P i
ME 10—24 i} - V"
.2. / _’I'—' |
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N -— p
S \
1072 iR
/ \ !
/ 1
// g ‘\
#% 1
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\ I
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\ ,’
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10—27 — = [
10° 10t 102
Mass [TeV]

Quintuplet @ 13.7 TeV

(ov) [em?3 s71]

Search for Line-Like Gamma-Ray Signals from Dark Matter in the

Galactic Center with CTAO LST-1

1s:;ran1,2026, 2:18 PM m m
7 LST-1 result [3&5plet]
Speaker

s DY ONOtAro Abe
—

10721 ;
e MAGIC 2023 (223 hr Observed)
| —— NLL (Baumgart et al., 2026)
10-224 ~°° Tree + Sommerfeld (Baumgart et al., 2026)
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https://indico-icehap.phys.s.chiba-u.ac.jp/event/3/contributions/236/attachments/329/644/TeVPA_JPS_Sep2026_upload.pdf
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Celestial capture




[D. N. Spergel, W. H. Press (1985)] + many

B Dark Matter @celestial body

Time evolution of DM number

Npn : DM number trapped at the body

dNDM o C : DM capture rate
T = C— E NDM(t) — A NDM(t) E  : DM evaporation rate
[ Capture A  : DM annihilation rate/vol.

Gravitational capture = o
Kinetic energy is lost via scattering w/ targets (e.g. nucleons) . """"""""""""""""

Dark Matter

Target

celestial body




[D. N. Spergel, W. H. Press (1985)] + many

ll Dark Matter @celestial body

Time evolution of DM number

Npn : DM number trapped at the body

dNDM o C : DM capture rate
T = C— E NDM(t) — A NDM(t) E  : DM evaporation rate
[ Evaporation A  : DM annihilation rate/vol.

-----------
- -
-------
-
-
-
-
-
-
~
~
~
~
~
~

Gravitational capture .
Kinetic energy is lost via scattering w/ targets (e.g. nucleons)

Evaporation (= escape from object) Dark Matter Target
DM is kicked-out due to scattering w/ energetic targets

celestial body




[D. N. Spergel, W. H. Press (1985)] + many

ll Dark Matter @celestial body

Time evolution of DM number

Npn : DM number trapped at the body

dNDM o C : DM capture rate
T = C— E NDM(t) — A NDM(t) E  : DM evaporation rate
[ Annihilation A : DM annihilation rate/vol.

Gravitational capture =~ &
Kinetic energy is lost via scattering w/ targets (e.g. nucleons) . """"""""" .

Evaporation (= escape from object) Dark Matter
DM is kicked-out due to scattering w/ energetic targets

Annihilation

DM number is lost via pair annihilation celestial body




[D. N. Spergel, W. H. Press (1985)] + many

ll Dark Matter @celestial body

Time evolution of DM number

Npn : DM number trapped at the body

dNDM o C : DM capture rate
T = C—-|E NDM(t) - A NDM(t) £ : DM evaporation rate
! A  : DM annihilation rate/vol.

Gravitational capture &
Kinetic energy is lost via scattering w/ targets (e.g. nucleons) . """"""""""""""""

Evaporation (= escape from object) Dark Matter
DM is kicked-out due to scattering w/ energetic targets

Target

Annihilation

DM number is lost via pair annihilation celestial body

/ Evaporation / Annihilation reach equilibrium
— DM number rate turns to be constant




[R. Garani, S. Paromales-Ruiz (2022)]

ll Evaporation mass ) = 3510 e

# assuming velocity indep.

104 10Y
Rocky planets and satellites Icy planets 'Gas giants' BD 10_1 - )
Avoid Evaporation 02be T
r— TS =e 7o4x108K
% % 10 3
.g. Q White dwarfs: T=4 x 10° K
3 210
E® g’ 10_5 ___________________ Neutron stars: T=10° K
10-6 T=10° K
sub-GeV region
101010° 108 107 10 10° 10 103 102 1071 10° 10! 102 0.5 1.0 1.5 2.0
M [M] M [Mg |
Celestial body w/ less density Compact & Cold object (white dwarf & neutron star)
* Evaporation mass = lowest DM mass @celestial body e \White dwarf : compactness & low temperature avoid evaporation
(escape velocity v.s. temperature) — sensitive to MeV region
» 2 O(1) GeV region can be touched e Neutron star : Efficient trapping for 2> GeV (." Pauli blocking)

e.g. Brown dwarf, Gas giants, Sun

Target for Sub-GeV region? & Compact & Cold object




l How to probe Dark Matter?

A. Dark Matter signature from celestial body depends on annihilation properties

(1) Annihilate inside (2) Annihilate outside (3) No annihilation
Dark Matter inject energy to the body Long-lived mediator escapes from the body - Gravitational effect via accumulation
— Anomalous heating occurs — Annihilation can be directly searched - Compact object made of Dark Matter

[N. Raj, P. Tanedo, H-B. Yu (2018)] [B. Batell, et al. (2010)] Dark Matter object




ll Annihilate inside

White dwarf [B. Dasgupta, et al. (2019)] [N. F. Bell (2021)]

v

Efficient probe for Sub-GeV Dark Matter? & White dwarf!

Search for anomalously hot white dwarf from globular cluster Messier 4

e p-scattering (spin-indep.): Complementary against direct detection for < O(1) GeV

e ¢-scattering (spin-indep.) : More sensitive than direct detection

(cm)
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pX

o)

10°
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D1 M4 WDs
1040 M, =1.38M,
10-41 ---- Dasqgupta et al.
10742 Constraint (proton)
1043
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-45
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1046 [ — XENONI1T
SuperCDMS
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S E — XENON10 E
10777 — XENON1T 1
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10737 e Si v floor 1000kg-yr
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P=1s,P=10"1% Py=10ms, M= 1.4M,

— Vortex Creep + DM
..... DM Only

Further compact?

Neutron star

Scattering & annihilation can anomalously heat old stars

Several challenges to probe DM 104

e Faint flux ( ~ nJy) even from the target within ~ 10 pc

[M. Baryakhtar et al. (2017)] [Chatterjee, et al. (2023)]

DM prediction —>‘i; ------
* Background heating (friction by neutron superfluid properties) 10° | L\ |

1
[Alpar, et al. (1984)] [Shibazaki, et al. (1989)] [Gonzalez, et el. (2010)] [MF, Hamaguchi, Nagata, Ramirez-Quezada JCAP & PLB (2024)] 1 04 1 06 1 08 1 O 0

Time [year]

(Supermassive) Blackhole

Gravitational potential of Blackhole attracts Dark Matter o

High energy particle emission around blackhole
— Scatter w/ Dark Matter before reaching telescope
— Constrain Dark Matter scattering cross section

Neutrino sources

® TXS 0506+056 [J. M. Cline, et al. (2023)] [F. Ferrer, G. Herrera, A. Ibarra (2023)] a
outtiow V’t\ﬂ =
e NGC1068 [J. M. Cline, M. Puel (2023)]

IR

X-ray

e Candidates of Tidal Disruption Event wr c. Herrera (2024) jet & dust

# sketch for Tidal disruption event


https://arxiv.org/pdf/2209.02713
https://arxiv.org/pdf/2209.06339
https://arxiv.org/pdf/2301.08756
https://arxiv.org/pdf/2312.11670
https://arxiv.org/pdf/1704.01577
https://arxiv.org/pdf/2205.05048
https://articles.adsabs.harvard.edu/pdf/1984ApJ...276..325A
https://articles.adsabs.harvard.edu/pdf/1989ApJ...346..808S
https://arxiv.org/pdf/1005.5699
https://arxiv.org/pdf/2308.16066
https://arxiv.org/pdf/2309.02633
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NREFT (Majorana fermion)




[N. Anand, A. L. Fitzpatrick, W. C. Haxton (2014)]

ll NREFT

Operator basis

01 — 1X1N 012 — §X°(§NX27L)
O, = (vh)? Oy = i(Sy 7)(Sn - ——)
O S - (—L x ) =
3 = WN- ({—— J I (g
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04 — X N ];i i
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My my
07 — _)N 77J_
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(99 — Zg ‘(—)N X i)
X MmN
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IN. Anand, A. L. Fitzpatrick, W. C. Haxton (2014) ] cf. Gordon identity is used for 4-vector reduction

B WIMP-nucleon interaction &, S
1 Y NN
2 ixYNY°N
Interaction basis (e.g. Majorana fermion ) N
Building block : {y, N, T, P, K*} | s,
Scalar operator Majorana DM Nucleon 6 %xwwuag—;fv
% ﬂxx_vw
e Scalar | Jox NN ; B ZMN;VN
e Pseudoscalar | )Zi;/s Y N i}/SN 9 XZ-JZ;'L_VXMgNN
4-vector operator 10| it exia, o N
_ 11 ;zz'awnz—”Xwaf’N
e Scalar + Momentum | ¥P"y NK N N I A
- mm [ZZM_
« Pseudoscalar + Momentum || 7P*y°y NKﬂySN S TR
14 XYHy XN@UMQT(r]L—MN
e Axial vector | " }’5)( N}/ﬂ}/SN 15 XN N
16 | ixy"y XKM N~°N
» Tensor + Momentum | o' q,x No,,q,N o] e
P+ q“
18 Z—X’}/ Xquam—MN
- . . ) ) 19 @ﬂxv XN7y,7°N
Lorentz invariant operator basis : 2+ 4 = 20 b Py



https://arxiv.org/pdf/1308.6288

[N. Anand, A. L. Fitzpatrick, W. C. Haxton (2014) ]

M t I i 9 E‘ijnt Nonrelativistic Reduction Z ¢; O; P/T
El c I lg 1 YXNN 1, 1n O, E/E
2 Z')ZXN’}/5N Zi . _)N O10 O/O
| | | mN
Procedure (e.g. Majorana fermion ) o L, Mo, 0/0
My My
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Details on Boosted DM




ll Cosmic-ray Boosted DM
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Blazar Boosted DM
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[ J-W. Wang, A. Granelli, P. Ulli (2022)] [A. Granelli, P. Ullio, J-W. Wang (2022)]


https://arxiv.org/pdf/2111.13644
https://arxiv.org/pdf/2202.07598

Jll Semi-annihilation

3.0
Kinematics -
v+ y = ¥+ @ (¢ :annihilation partner) e O-
For (effectively) massless partner i
S i ater Cherenkov T

e Initial DM pair : (2mpy, 0) " .50 WelerCherenkov®t
, Final DM (boosted) : <\/ p \2 + m]%M, p) |

1.0 _—

0.2 04 06 08 1.0
e Annihilation partner: (|p|, — p) v (for target)
Momentum conservation determines kinematics for boosted DM
semi-annihilation || 3 — 2 | 4> 2

«Energy || Epy = ZmDM | Epm = EmDM | Epy = 2mpy
. Velocity || v = % =06 || v=0.7 | v=0.87

Cherenkov threshold @ Water : ¥cperenkov = 1-91 = Venerenkoy = 0-76
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l Energy spectrum

10~
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s - isoscalar || ¢ ¢, + ¢,

l Operator analysis by LZ e
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WIMP M 2 109'"'I""I""I""I""II
I ass (GeV/c?) <
¢ 10 12 14 17 21 30 40 50 100 200 400 1000 4000 ';' 01
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Annual modulation can be important : Symbols indicate 90% region -
Obe e i
Interesting parameter regions show 50-100% modulation 100 150 200 250 300 350 400
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