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We Aims to Detect it around Us!

®\

VDM ~ 220 km/S
from galaxy rotation

IODM = 0.3—0.4 GeV/Cm3
from cosmic observation

Cygnus

. What is the | DM partlcle’?
 How interact with other particles?

2 /44



EXtremely Broad Mass Range T. Lin, arXiv:1904.07915v1

Blackhole

of Dark Matter Candidates —n

Difficult to detect on Earth

QCD axion WDM limit unitarity limit

1022 eV Emd  keV GeV 100Tev M 10 M
- e, -

/J ltrahght” DM “Light”DM WIMP Composite DM Primordial

(Q-balls, nuggets, etc) black holes

Super-ultralight non-thermal dark sectors
scale should be bosonic fields sterile v
covered by the can be thermal
last session.

This review covers the dark matter mass regions
where searches are advancing most rapidly
— Iin the WIMP scale and ultra-light scale.

The WIMP searches are reviewed from DM conference (IDM 2026).

3 /44


https://indico.capa.unizar.es/event/40/timetable/#20260605
https://arxiv.org/abs/1904.07915

Wave-like v.s. Particle-like

Ultra-Light DM :
Dark photon , Axion (ALP) Dark matter mass mipy, WIMP (Massive)
1 peV 1 meV 1 eV 1 keV 1 MeV 1 GeV
ﬂdeBroglie —
MpMYDM,
pom ~ 0.3GeV/cm’ ~ 220km/s
« Many DMs on Earth (> 1012 DMs/cm3) | « Afew DMs on Earth (=% 1 DMs/cm3)
 Coherent like a wave.  No coherence
lts field has phase like a plane wave. i} .
Particle-like DM
Wavy DM article-like

The interactions

.\ are very rare.
O O A O M (Stochastic event)
4 /44

Like gas




Wave-like v.s. Particle-like

Ultra-Light DM .
Dark photon , Axion (ALP) Dark matter mass mipy, WIMP (Masswe)
1 peV 1 meV 1 eV 1 keV 1 MeV 1 GeV

10 g

Wavy DM

Dark photon
* Motivated by high-scale inflation model, and string theory models
« Couples to electromagnetic field through kinetic mixing y.
(Value of y is unknown.)

Axion (QCD axion)
« Well-motivated to solve the strong CP-problem
» Couples to various SM particles (gluons, photons, fermions)
 Mass-coupling relation is fixed: g,,, « m,

Axion-like particle (ALP)

* Predicted in string theory models
* |t has the same couplings as in Axion, but the mass-coupling relation is free.



Wave-like v.s. Particle-like

Ultra-Light DM .
Dark photon , Axion (ALP) Dark matter mass mipy, WIMP (Masswe)
1 peV 1 meV 1 eV 1 keV 1 MeV 1 GeV

m

Particle-like DM

WIMP (Weakly Interacting Massive Particle)
« WIMP miracle:

a thermal production (freeze-out) with a weak-scale annihilation cross-
section automatically reproduces the observed DM abundance

Qh? =~ 0.12 at present.
* Motivated also by beyond standard model (e.g. SUSY) in particle

physics which independently predicts new particles,
6l/a4

which can be the DM
» eXx) Lightest neutralino (LSP) in SUSY




WIMP Search




|
S I g n a I Figures from L. Baudis

in UK HEP Forum 2025

e Elastic DM collisions
with atomic nuclei

A7 ‘ _
o™ (nuclear recoil)
g w

* There is another interaction of collision with
electrons (electron recoil). However, today
| will skip it due to time limitation.

Scintillation light (178 nm
Recoil E~10—100 keV ( ght ( )

for Xenon
lonized electrons (charge signal)
8 /44


https://conference.ippp.dur.ac.uk/event/1477/

BﬂCkg YOu nd | Grar;’Sasso (LNGS) n Ital

Cosmic Rays
* Need underground & large shields

* Radioactivity
* Need to use ultra-low-radioactivity materials
° ex) 222Rn, 220Rn

Neutron number (N)

126 127 128 129 130 131 132 133 134 135 136

o0}
(o))
T

o]
(&)

Atomic number (Z)
o o]
w —

o]
N

(o]
iy

Neutrinos
* They are irreducible background.




Neutrino Background

Main Neutrino source: Solar neutrinos

Collision with nuclei: “CE VY NS” (Coherent Elastic Neutrino-Nucleus Scattering)

Solar reactions for neutrino production
v.s. event rates of CE v NS in Xenon detector

| | | | | |
e- 1041 —

— PP
~ \ 7Be (0.384)
b 103 = " ’Be (0.861) -
g tell \\ pep
€ 102f % -- o° -
6 | "\  WNF N e 13 _ _
) _ R e 'F\l” NC interaction (neutral-current)
© \
< 10'[ i , \ —-- 8B w \7, 7
ﬁ ..... ..:\ N 4 \ hep
£ 10°1B —»8 Be *+et + v, (~10 MeV) .
- L ) Z
8107 t by '
4] : ‘l
g | A
© 10 I:
— - N N
$ 1031 !
Ll
I
107, RN B .
10-3 10-2 107" 100 101 102

Nuclear recoil energy (keV)

Ann.Rev.Nucl.Part.Sci. 69 (2019) 137-161



https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-101918-023450

WIMP Search to date

Particle Data Group 2026

10528 \ 16°
— |\
b DAMIC (2020) -2 g
é O \ e Q
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Neutrino fog is where the irreducible neutrino background appears.
(It was called “neutrino floor” years ago.)

We are almost reaching it now in the nuclear recoil!!



https://pdg.lbl.gov/2026/reviews/rpp2026-rev-dark-matter.pdf

Particle Data Group 2026

WIMP Search Direction
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Direction 1: Deeper in the high mass range with large liquid Xe
Direction 2: Lower mass range with
various tech. (cryogenic detectors, silicon...)



https://pdg.lbl.gov/2026/reviews/rpp2026-rev-dark-matter.pdf

Direction 1 (High Mass)
Liquid Xe




Dual-phase TPC detector with LXe

Time Proportional Chamber

~ e ""{: BN
a2 S
y &Y * E<’xt/'(1([/()r7 ~1 OkV/CI I l
—<
-,

E... ~O(0.1kV/cm)

$1M/tonne

Mass of LXe is important
to detect rare events of DM.

drift time

N (depth) ——

Figure from L. AlthUser time

Two signals

* S1: primary scintillation light

« S2: delayed ionization signal (from electroluminescence)
By combining the signals, there is almost no background. 14 144




(Lzurrent Ongoing Experiments
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Future Experiments
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Eur. Phys. J. C 85, 1192 (2025) Slides from X. Xiao in IDM 2026

,r;@ Entering the neutrino fog!!

7 — 2028 —

(Not funded?) (20t is funded.) 1 6/44



https://link.springer.com/article/10.1140/epjc/s10052-025-14810-w
https://indico.capa.unizar.es/event/40/timetable/#20260605

Solar Neutrino already Detected!

There are dedicated analyses to measure Solar neutrino as signal.

Neutrino creation process in the Sun: B -8 Be * +et + v, (~10 MeV)

e Solar neutrino from 8B was detected (CE v NS).
LZ
XENONNT PandaX
(LUX-ZEPLIN)
Components Expectation Component Expectation Best fit
$B CEvNS AC (SRO) 1907 74 +0.7
AC (SR1) 17.8+1.0 179+1.0
Accidental coincidences 6.6 = 0.3 ER 074507 Fltted SB events
Detector neutrons 004f85} 0.1 f};;’ Neutron 0.5:8"32
Total 6.6 + 0.3 18.913 Total background 264114 75+28 events
B 119535 10757
] Observed 37 ‘ . ‘g .
Background-only model rejected —— Significance: 2.6 o
With 4.50 significance Signiicance: 2.7 0 PhysRevLett 133, 191001(2024)
arxiv:2512.08065 (2025) PhysRevLett 133, 191002 (2024) ysRevLett 133, (2024)

All of three experiments have the indications,
and LZ has “detected” (> 30)!



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.191002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.191001
https://arxiv.org/abs/2512.08065

Direction 2 (Low Mass)
Cryogenic Detectors




Signal (Low Mass DM)

Low mass < 10GeV

N

"da .
(’.~
P W

/ Weak Recoil Energy!!

@ Phonons (heat)
Scintillation light
Fi from L. Baudi
ingJ}ieilErlgrgorumaEOZSS LOW maSS needs
lower threshold of the detector.



https://conference.ippp.dur.ac.uk/event/1477/

CRESST-lll in Gran Sasso CRESST

Cryogenic Rare Event Search
Italy with Superconducting Thermometers

Cryogenic calorimeter (Phonons) wt TES + Scintillation Light Detection wt TES

Main absorber (Al2Os crystal)

2x2x1cms3(15.99) |
== TES Cool to 15 mK wt DR

Silicone-on-Sapphire (SOS)
Light Detector

Wafer | |
detector |

Si absorbs and turns light into heat;

.Maln
a TES reads it out.

absorber

Fe-source |

PhysRevD 110, 083038 (2024) LTD 199, 547 (2020)

* DM scatters with the Al2O3 to make phonons & scintillation light.
 Phonons — Detected by TES bolometer
* Light — Detected by Silicone-on-Sapphire (SOS) Detector
» Single scintillation light can be detected!
 Threshold energy = 6.7 eV!!



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.083038
https://link.springer.com/article/10.1007/s10909-020-02343-3

common disk

Sensitivity .

4.5 mm

for Low Mass o o

Experiment using MKIDs §
CRESST results f Expected limits
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PhysRevD 110, 083038 (2024) Slides from B. v. Krosigkp in IDM 2026

WIMP searches are expanding into the sub-GeV range
using cryogenic detectors. 51 44



https://indico.capa.unizar.es/event/40/timetable/#20260605
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.083038

Wavy Dark Matter Search

Axion, ALP, Dark Photon




‘Wave-like v S. Particle-like

UItra-nght DM :
Dark photon , Axion (ALP) “ ark matter mass mpy, WIMP (Massive)
1pyeV  1meV eV 1keV  1MeV  1GeV
| deroglie Wavelength | 0
A2 1m h <100m
, ~, e Broglie —
‘ MpmMVDM
£ ppv ~ 0.3GeV/cm? "~ 220km/s
} Many DMs on Earth (> 1074 DMs/cm3) . Afew DMs on Earth (=~ 1 DMs/cm3)
Coherent like a wave. % * No coherence
Its field has phase like a plane wave' . .
J Particle-like DM

\ wavy DM

The interactions
are very rare.

M (Stochastic event)
Like gas 2 3 144




If it can be converted to photons...

M'}M

mDMC 2 d hl/

*Considering CDM with a low momentum

Frequency is matched to the DM mass.
hv ~ M C?

Frequency and mass are in one-to-one correspondence. 24 144



Coupling & Parameters

AXxion or

Axion-like particle (ALP)

Dark photon

Motivation,
Prediction

Interaction
with photons

Parameters

* Axion: Solve the strong CP problem

 ALP: Models of string theory

PRD 93 103520 (2016),
JCAP 1206, 013 (2012)

8ayy @ E-B

a: Axion field

—_— —

E, B : Electric field, magnetic field

m,, . Mass

8ayy [GeV~!]: Coupling to photons

. E My
*Axion: g, = O.2N - 0.4 GoV2
/\

e DFSZ model E/N = 3/8
e KSVZ model E/N =0

High-scale inflation models
PRD 81 123530 (2010)

y4 ~
) F, X"

F/w : Field strength of EM field

~

Xuv: Field strength of dark photon

m,. Mass
¥ : Kinetic mixing
(Strength of interaction)



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.103520
https://iopscience.iop.org/article/10.1088/1475-7516/2012/06/013

Current status for

axion / dark photon search
Axion + ALP

(photon coupling only)

Dark photon

Frequency of conversion photon Frequency of conversion photon

kHz MHz GHz THz 1015 Hz 10!® Hz mHz Hz kHz MHz GHz THz eV keV

5
CROWS ALPS-I &

Earth 7 Crab
nebula

Jupiter

OSQAR

SOlar 1V SN1987A

(1)

DSNALP MWD Globular clusters Difinee
Fermi-SNe
Hydra XY
- Fermi gw®

M87

[ MWD Pol.
Chandra

uorjdeIy
golar basit

UOESIUo|

)
Ny

;S X N \N\
athfinder /'/ S
% = ‘ -
O - b S
AR = J
N - JWST
DPDM el oo “ -
Reionisation DR 22 ‘
ark® “- -
O L]

=
5
b

(Caputoetal,, ARGUEELED)
Trostetal.)

Cavities

Halacopes SENSEI

SuperCDMS
Black hole DarkSide

superradiance

INTEGRAI

‘ : ‘ ﬂmﬁ»ﬁﬂm»»ﬁﬂxﬁAﬁnonz3w
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Axion/ALP mass [eV] Dark photon mass [eV]

- Top / bottom axes are corresponding with v = mDMcz.
* Experimental approach is different between low and high frequency ranges.

Cite: https://github.com/cajohare/AxionLimits 2 6 / 44




Current status for

axion / dark photon search
Axion + ALP

(photon coupling only)

Dark photon

Frequency of conversion photon Frequency of conversion photon

kHz MHz GHz THz 1015 Hz 10!® Hz mHz Hz kHz MHz GHz THz eV keV

5
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Earth 7 Crab
nebula

Jupiter

OSQAR

SOlar 1V SN1987A

(1)

DSNALP MWD Globular clusters Difinee
Fermi-SNe e
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Trostetal.)
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Cavities: ADMX, CAPP, HAYSTACK...

Experiments .
Dishes: DOSUE-RR, BREAD, MADMAX... 27
/44




Cavity Method




> Sensitive band
Axion signal ‘
- 6 :
Av, =v, /10 Cavity
resonance
1 . Aa—R— Ay, = 1//Q4
v —
_ 2 ~ 100"
= — ga}/ya E . B o \‘
Dark photon
Frequency
X y 7
/W\/W‘@\/\/\/\/\N |
Lt = —XF, X" | | https://physics.aps.org/articles/v11/34 by APS

e Axions convert into photons in a cavity in a strong B-field.
* (Dark photon can converts without B-field.)

« The cavity enhances the signal when tuned to the photon freq.: v = maczlh.
« Quality factor (Enhancement factor) O ~ 104

* Need to scan the resonant frequency to cover wider axion mass ran
e e.g. Arotating rod can change the resonant frequency.




Successful Method: Resonant Cavity

> Sensitive band
Axion signal ‘
- 6 :
Av, =v, /10 Cavity
resonance
c AVa—> e —_
2 : S ~ Av.=v/ Q4
1 ~ \\é o ; ~ 10_ L
L =—g aF*F e g o Av_ )
4 WY pv & a /<— e\
I - o
=~ 8k - B |
FAE T
Dark photon /]v/hual T ot
bothn| l Frequency
X y 7 73 e |
f\/\/\/\/\/‘@/\/\/\/\/\/‘ il | |
L. F XM | https://physics.aps.org/articles/v11/34 by APS

1nt

2
. Slgnal power Py, 8., OB VC
« (: Resonance quality factor, B: Magnetic field, V: Cavity volume,
C: Form factor of cavity mode

 For higher frequency (=10 GHz), this method is not good.
« Making resonance needs fine structures due to shorter wavelength (<A~1 cm)

. Volume V should be decreased scaled by the wavelength.
/44

 This method is suitable for around 0.1 GHz—10 GHz.




AD MX Phys. Rev. Lett. 135, 191001 (2025) ; P
‘ o g CAST

Globular clusters Ditfuss
HsT

The most successful cavity-based experiment to date | 3 |, . s ly i
—13 = Z ” K 2z

Axion =) Cavities

1 GHz 10 GHz

mg [eV]
CAST
Neutron Stars ¢ V - 100 L, B=8 T
SN1967/% 1« Quantum amplifier is used
. : 2 (JPA, Josephson Parametric Amplifier)
= . .
: Al to achieve low noise 7, ~ 0.6 K.
it 2ark photonf 4 GHz 10 GHz
: i 10~
1 10710 Cosmology o [
; .golo—ll | % %
_ £ 10-12 . S s
3 & = =
: £ 10713
£ic
g 10
mg [eV] 1077 —
10_16 - I I I :I 1 LI | 1 I 1 I I L
il 102 104
Reached QCD axion

Dark photon mass [eV]
in 0.65~1.3 GHz (& 2.7~5.4 peV)



https://journals.aps.org/prl/abstract/10.1103/d7mg-6sqq

Dish Antenna Method




DP conversion to photon

Dark photon

& 4 o &

Metal plate | g

X F X
2 "
X+ Field strength of dark photon

FW : Field strength of EM field

From the energy conservation:

2

Conversion

photon hy ~ mppC
U

» Photon Frequency v: ~ Mass nipp
 Photon Direction : perpendicular to the plate



Axion conversion to photon

Axion, ALP

o
O ‘ o ’ O ‘
/ A
A X
Metal plate ' g2 g E

\

Conversion
photon

U

Lo =

int _ gayy ak

Require a magnetic field

g

Polarization is parallel to the B-field.

—

Same as in DP case

» Photon Frequency v: ~ Mass m,,
* Photon Direction : perpendicular to the plate



(Spherical) Dish Antenna Search

D. Horns et al, JCAP04 (2013) 016

* The conversion photons emitted on the spherical surface
go to the center of the sphere.

* Owing to the same path length,
‘\ the photons are collected coherently, giving a stronger signal.

‘~‘ Feed
I .. Antenna
|- "

) 2
) 2
]
\J

.’ Dark photon sensitivity:

1 b [ 172
’ _ —14 noise m
Xeens = 4.5 % 10 ( 02w A
R . Low receiver noise (P, ;.. )
e « Large conversion area (A)
R . [Axion] Stronger magnetic field B (g,,,, o 1/B))
Area A



https://iopscience.iop.org/article/10.1088/1475-7516/2013/04/016

Experiments & Approaches

1. DOSUE-RR —
The simplest experiment for dark photon °
2. BREAD BRE/D

Increase conversion area A coLLABORATION

3. MADMAX  //\AD | )| Ax

Get signal enhancement as in cavity method
(get an enhancement like Q-factor in cavity method.)




DOSUE-RR in Japan

The simplest search in dish antenna method only for dark photon

Uses a cryogenic HEMT amplifier (7, ~ 70 K)

Receiver

. 'y ! | &  |==— Diagram
Window~ g > , v W= g
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to minimize thermal Qise.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.071805
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.071805
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.071805
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DOSUE-RR in Japan

Dark photon] We are focusing on only dark photon now.
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Now expanding to wider mass range!!




BREAD BRE/D

How can we increase the surface area? — Parabolic reflector COLLABORATION

Conversion surface : Inner wall of the cylindrical barrel
Photon focusing method : Parabolic reflector

Cylindrical barrel

Bext With solenoid magnet,
- it can search for axion.

14T solenoid magnet




MADMAX

How can we enhance the signal like a cavity? — Dielectric mirrors

Conversion surface:; Surfaces of dielectric disks

Signal enhancement principle:
If set the space properly,
all of the emission phases are matched,
and the signals from all surfaces add coherently.

All surfaces emits Dielectric dISkS |

T T T T T T A T A T T T T T 8. conversion lights from axion/dark photon.

i Signal enhancement factor ~ 2000
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BREAD & MADMAX first results

 Both use « MADMAX:
room temperature receivers. « Axion: high enhancement factor
— narrow sensitive band
1 GHz 10 GHz  Dark photon: mild enhancement factor

— wider sensitive band
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 BREAD will upgrade with 9 T magnet (from 4T) & a quantum amplifier.
« MADMAX will upgrade with 9T magnet (from 1T), larger disks,
cryogenic receiver.




Current status for

axion / dark photon search
Axion + ALP

(photon coupling only)

Dark photon

Frequency of conversion photon Frequency of conversion photon

kHz MHz GHz THz 1015 Hz 10!® Hz mHz Hz kHz MHz GHz THz eV keV
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Cavities: ADMX, CAPP, HAYSTACK...

Experiments .
Dishes: DOSUE-RR, BREAD, MADMAX... 43
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Wave-like v.s. Particle-like

Ultra-Light DM WIMP (Massive)
Dark matter mass mipy,
1 peV 1 meV 1 eV 1 keV 1 MeV 1 GeV
Going lower mass
Dark photon with cutting-edge detector WIMP
Axion/ ALP ex) Cryogenic detectors

~ GHz
Resonant cavity

Higher freq. (>10 GHz) | ’ |
Dish Antenna Going deeper (bet ensitivity)

In the high mass range
with a large Xe TPC detector

Which approach would you bet on?

Finally, several techniques are shared with CMB experiment.
There are potential for technology synergy between DM search and C_M_B M



