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1. From WIMPs to Light DM
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1. From WIMPs to Light DM

Primordial BH 1966, 1971 Zeldovich & Novikov, Hawking
*Mﬂ MACHOSs 1981, 1986 Petrou; Paczynski
Gravitinos 1981, 1982 Fayet; Witten; Pagel & Primack
Axions 1983 Preskill, Wise & Wilczek
*ﬁ Neutralinos 1984 Ellis et al.
Strangelets 1984 Witten; Fahri & Jaffe
; Q-balls 1984 Witten
!Iw Extra-dimensional DM 1984 Kolb & Slansky; Servant & Tait
WIMPs 1985 Steigman & Turner
ﬂ Sterile neutrinos 1993 Dodelson & Widrow
Fuzzy DM 2000 Hu, Barkana & Gruzinov
Sub-GeV DM 2003 Boehm, Fayet et al.

Relic Abundance Solution to Big problems

QCD axion WDM limit unitarity limit

1022 eV e keV GeV 1wo0Tev My 10 M
-~ i t i | i , -

““Ultralight” DM “‘Light” DM WIMP Composite DM Primordial

(Q-balls, nuggets, etc) black holes

non-thermal dark sectors
bosonic fields sterile v
can be thermal
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1. From WIMPs to Light DM

X f

WIMPs

X I

m, ~100 GeV, g, ~0.6 = ), ~0.1

PandaX collaboration, 2402.03596

,E 1074
S, Light DM
—aa|
g
é 10—45 L
2 n SNO, 2013
S 107
= | XENONIT, 2021
S 107%¢ | -
a8
f_‘ 10 | + " XENONNT, 2024
p= —49 .
3 2 Il % '= l’( l( \'1 l, .2()._)}
E 10 Neutrino floor G
(3 neutrino events, Billard 2014)
— s e e ! ! !
» 10
10 102 10° 10¢ © 83 . ﬂlo e o 20
WIMP mass [GeV/c?] neutrino flux [10° cm™*s™"]
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1. From WIMPs to Light DM

Light DM X f \

Standard Model Connector Dark Matter
X f
. 16T afm2
+ e my >m (ov) ~ X X
B W=, Z H, t |4 X ov) = -
& Weak 4
0604261 0305261
0711.4866
Light 0803.4196
A .
LD Hidden Sector
Visible Sector . .
Light non-SM mediator
TI'OdXO[f
e SIMPs  [YH, Kuflik, Volansky, Wacker, 2014; YH, Kuflik, Murayama, Volansky, Wacker, 2015] ¢ my < my <UU> = m2
* ELDERs [Kuflik, Perelstein, Rey-Le Lorier, Tsai, 2016 & 2017] X
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1. From WIMPs to Light DM

Data

~ FERMILAB-PUB-23-256-PPD
keV MeV GeV TeV 5 .
:}::{::}::]::53.' mn
IR

G e
Sterile Neutrino <WIMFQ

——

\(‘)y 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Energy (keVee)

S =3
Hidden Thermal Relics / WIMPless DM

> —> ) Readout Type| Target |  Resolution | Exposure|  Threshold  |[Excess Rate (Hz/kg)|Depth | Reference
SIMPs / ELDERS  Asymmetric DM Ge | 16¢ | 80gd | OheVee(vle ) || [0,1000  ||7 k| EDELWELSS [
Clarge () g% Nooi2 . Odlsgg: ” e\\?ee ﬁ e—§ [1[8 gg%] o CDSI\P/JII;%% %][3]

i i 3 apin i e 5g 2eVee (<le : ~lm e

Ay Line. Benum-s Si 16 | N0gd| 12eVe(~de) || [1x10%7 |2km| DAMIC[]
> Ge BeV | Mgd 60 eV >2 T [EDELWEISS []]
Muon g-2 Energy (Ezet) [CaWOs| 466V |3600g-d 30eV >3x10 ||.4 km| CRESST-III 2]

AbO; | 38eV  |00d6gd| eV >30 “Im| yCLEUS[§
e Xe [67PE(~02¢)| 1kg-d | 121 eVee (MAPE)|| (05,3 x10* ||.4 km|XENONIO [, 9
Small-Scale Structure bhotoe- | Xe [62PE(~031€7) | 30kgyr | ~Toelee (vOPE)|  >22x10 || 4km| XENONIOO S
1 Xe | <W0PE | 60kgyr ~40eVee (MOPE|| >17x107°  ||.4km| XENONIT 10

Ar [~5PE (~05€7)(6780kg-d| 50 eVee >6x10™  ||.4 km| Darkside30 [11]
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1. From WIMPs to Light DM

é ) Production \ KBBN, CMB \

Dark Matter Standard Model
Particles Particles g
\ / E e Large Scale Structure
A
* ol
£
14 . °
* g e Stellar Evolution and Cooling
\ §
n
Dark Matter Standard Model e Meson decays
Particles Particles

\ Annihilation s / \Colliders /
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2. Electronic Collective Excitations : Plasmons ~ {s=s)

PHYSICAL REVIEW D VOLUME 9, NUMBER 5 1 MARCH 1974 PHYSICAL REVIEW D VOLUME31, NUMBER 12

Coherent effects of a weak neutral current

. Detectability of certain dark-matter candidates
Daniel Z, Freedmant

National Accelerator Laboratory, Batavia, Ilinois 60510
and Institute for :‘h:do:etical. :ys:cs, State University of New York, Stony Brook, New York 11790 Mark W. Goodman and Edward Witten
AR SRR N, TS SIS IS L LN Noriaaet 108) Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544
Mg hesghsaciosiatergim ooyl oty Sosecothar My e b U6
ix:;‘eﬁzeaiftzﬂgﬁﬁ:?’:m:hm; b :;‘z‘;::‘t:’b:'uf“l;‘l‘;:"c'm}:i We consider the possibility that the neutral-current neutrino detector recently proposed by
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-

energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi- : : H : 3 1 i in-
ocliatent Sooleks ExOLEIBin PEOGMRASR ¥ ¥ 4~ 7+ AS pRiwilo mossthis lobte S bomeeeHilNonct tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in

the weak neutral current. Because of strong coherent effects at very low energies, the teractions and masses 1-10° GeV; particles with spin-dependent interactions of typical weak

nuclear elastic scattering process may be important in inhibiting cooling by neutrino strength and masses 1102 GeV; or strongly interacting particles of masses 1—10" GeV.
emission in stellar collapse and neutron stars.

A 0 scattered Recoiling

neutrino
A v Nucleus

b y4 nuclqar
0S0N \ recoil

&
q

secondary
recoils

scintillation

WIMP
D. Akimov et al, Science 357 (2017) WIMP

2025/7/13 28th Bled Workshop @ 2025 8



2. Electronic Collective Excitations : Plasmons

UNDERGROUND DARK MATTER
LABORATORIES WORLDWIDE

— ’-_'-' ?

e o

S

Homestake
LUX®

DEAP/CLEAN®
PICASSO

— / Grn Sasso [N Yangyang
T CRESST! Jlnplng KIMS*

DAMA/LIBRA* CDEX' |8

DarkSide® Pandax°
XENON?®
Frejus/Modane

Techniques: : EDELWEISS'
' Cryogenic (Ge, Si, etc.) [
* Solid Scintillator (Nal, Csl) South Pole
® Noble Liquids (LXe, LAr) e DM-ICE*
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2. Electronic Collective Excitations : Plasmons

100 - -
ERecoil >>
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2. Electronic Collective Excitations : Plasmons

Conduction bands
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2. Electronic Collective Excitations: Plasmons

electron gas

+

ionic lattice

Density

Plasma wave

r

Plasmon

quanta of electron density fluctuation
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2. Electronic Collective Excitations: Plasmons

How to identify plasmons: Electron Energy Loss Spectroscopy (EELS)

hw, 45

hw,, n — Baston, P.E. (1991)

—— Palik (1985)
b ) i — Lindhard
- L

— 301 —— DarkELF (Mermin)

Ei=Eyp+ 3 hw, fw, 2 — DarkELF (GPAW)

% QCDark (+ Lind)
I 5 2
k AE = 148eV 8 5

n hw, = 15.0eV
* 10 1
0o 1 2 3 4 5 6 7 E_E 0 5 10 1o 20 25 30 35 40 45 30
AE w [eV]
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3. Detecting LDM with Plasmons

DM-induced Plasmon Signals in Solid Detector

R~ / Pvf(v) / PaF2(@)S (a,wg)

Interactions in CM systems Electronic Structure
(polarization)

1

E(Q,W) — 61(@7 w) + 7:5‘2(@,&))

e(w,q) $
Dissipation Processes
Dielectric Function (absorption and scattering)
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3. Detecting LDM with Plasmons

Simplified Model :
Lint D g XV'XA], + geyFeA,

Feynman Rules (Solid Physics):

pmM 1;_,0.(,-% % ¢ V€ tx
Px > -+ (A J
Y b /[\7 AWK
-1 X{m( e P f{{,‘tx
— f o /f— T RAISIS

f e-
i(x-U 2
DM RO i
e 15«,«2 S_‘j \40%) - § ety >Q Pl

\
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3. Detecting LDM with Plasmons

. X X
. p X

X 17

Energy Loss Function (ELF)

I‘(px)=/(i?3 VQuw)l lze_;;m (_e(Ql,w))l]

4

Im [ 2] = Re[e]l'?jr[ﬂn[e]i’

ir
(w—w0)?+(3T)

1
T

> ~0(z — zp)
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1
Dielectric Function T 14+ Ve (Q) x5; (Q, w)

2025/7/13

@ ‘ II. (Q,w) Lindhard function
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3. Detecting LDM with Plasmons

Liang, Su, LW, Zhu, PRL 134 (2025) 7, 071001

€ Energy Loss Function:

Density Functional Theory

=]

I
[y

|
Im[—e " (Q,w)] (logyo)

€ Resonance (plasmon) :

w (eV)

|Q| <5keV, w~15eV

€ To excite plasmon:

Vmin > q/w

Low deposited energy Fast-moving DM
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2. Electronic Collective Excitations : Plasmons

SENSEI, DAMIC, CONNIE

£ |

detectors

Electron recoil ionizing 1-6 e in the
detector, which corresponds to
(~1.2-20 eV) energy depositions
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3. Detecting LDM with Plasmons

Cosmic Ray o7 Supernova Neutrino

1810.10543

Galactic Center

2025/7/13 28th Bled Workshop @ 2025 20



3. Detecting LDM with Plasmons

Cosmic Ray Boosted DM
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3. Detecting LDM with Plasmons

Liang, Su, LW, Zhu, PRL 134 (2025) 7, 071001

2 A
For(a)? (a*m?2 +m?,) 1 heavy mediator
DM q — 2 - o 4 . .
(q2 + m?2 ,) e light mediator
A q
0.7 T T Y Y T T T T T | N N N ' r ) v ]
I — light mediator 4 — light mediator
0.6- — heavy mediator(x102) — heavy mediator(x10) |
T e =10 Giid? 100+ [ S— Gxe=10"*cm? |
2 0.5F m, =1keV i . [ my =1keV
£ 0.4} =
: 5
T 0.3} &
= w101¢ -
3 =
< 0.2 ‘_\_\_
oo
0.1}
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3. Detecting LDM with Plasmons

2312.13342° SENSEI @ SNOLAB (100.72 g.days)

All data 10-26
Shape Expo. | Ev. | Bkgd.
2e2p, h || 13.58 | 10 | 10.66
2e2p, v || 16.21 | 13 | 12.65 107 5
2e2p, d 17.82 | 32 | 25.31 1
2e, all ||46.61| 55 |48.62 - 5 |
3e2p 3087 3 | 0.01 s
3e3p 26.84 | 1 | 0.06 & g
3e, all ||57.71| 4 | 0.07 B o L8
4e2p 19.51 | O | 0.00 ® .
4e3p 27.60 | 0 | 0.00 ® > § ,
dedp 15.93| 0 | 0.00 10-30 o
4e, all ||63.03| 0 | 0.00 =
5e, all 65.56 | 0 | 0.00 s :
6e, all 67.31| 0 | 0.00 10-31 =
7e, all 68.53| 0 | 0.00 .
8e, all 69.52 0 0.00 -32 f g egeo gy P L N TN AR SRR URT TR
9e, all 70.30 | O | 0.00 10 02 10-2 10-1 109
10e, all || 70.89 | O | 0.00 m, [MeV]
(large volume, high threshold) | (small volume, low threshold)
Non-Relativistic 4 4
Relativistic 4 Collective Excitations
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Conclusions

Dark Matter Particle

keV MeV GeV TeV
g
Direct Detection

2020-Now 2012-Now 1983-Now

(~ 40 years, 9 orders) Collective Excitations DM-e DM-N

Multi-disciplines + Multi-messengers -

A New Era in the Quest for Dark Matter
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DD experiments of DM

Name Detector Target Active Mass
xXMASS Scintillator LoXe 832 kg
XKENONITO0O o LXe 2 kg
XENONIT TPC LXe 1.99S kg
ONIT ( TPC loniz -only LXe 1.99S kg
HKENONNT TPCc LXe 7T.000 wg
LU TeCo LXe 250 g
LUX (fonization) TPC loniz. -onlty LxXe 250 kg
=z TPC LXe 8.000 kg
Panda><-n Tec LoXe S80 kg
PandaxX-4T TFPCc LXe < 000 kg
LZ HHycdroXxX TPC LXesH2 8.000 kg
Darwin 7/ US G3 TeCc LXe 40,000 wg
DEAFP-3600 Scimtilator LA 3.300 kg
DarkSide-SO TPCc LAs a6 kg
Dar > LM (lor 2 TPC loniz.-only LA 46 kg
Darkside-20k TPC LAr 30t
ARGO TeCc LA 300t
DAMAJLIBRA Scintilator Nal 250 g
ANAIS-1I2 Scintillator Nal 112 kg
COSINE-T100 Scintilator Nal 106 kg
COSINE-200 Scintillator Nal 200 kg
COSINE-200 Nal 200 kg
cosINUS Nal 2
SABRE FPo#P Scintillator ~Nal S kg
SABRE (North) Scintitator Nal S0 kg
SABRE (South) Scintilator Nal SO kg
10 kg
100-1000 kg
SuperCDMS Cryo lonization Ge S kg
CDMSLite (High Field) Cryo lonization (=" 1.4 kg
COMS-HVeV Si Cryo lonization HV Sa o9g
SuperCDMS CUTE Cryo lonization 7 HV Gersi S kg/1 kg
SuperCDMS SNOLASB Cryo lonization / HV Gelsi 1T kg3 kg
EDELWEISS 11 CTryo lonization Ge 20 kg
EDELWEISS Ill (High Field) Cryo lonization HWV Ge 33 g
CRESST-» Bolometer Scintillation Cawo<s S kg
CRESST-In B ter Scar » Cawos 240 g
CRESST-In (Hvw > ] Scar » Cawos
Pico-2 Bubble Chamber c3Fs 2w
Pico-ao Bubble Chamber c3Fs 35S kg
Pico-so0 Bubble Chamber cFE31L.CaFs S22 kg
Pico-soo0 Bubbile Chamber caFs 430 kg
O. 714 kg
14 g
DAaMIC ccCco = 29g
DAaMIC cco = 40 g Si
DAMIC 100 ccCcoD s 100 g Si
DAMIC-M CCD Skipper = 1T kg S
SENSE! CCD Skipper £ 29 Si
SENSEL CCD Skipper = 100 g Si

2025/7/13

20 t yr
30.000 kg o

20 t yr
20 t yr
200 t yr

46 kg year

200 t yr
3000 t yr

Goal S yoears

—~7TS kg o
osga
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0.6 kg a

2g x 24 a
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Lower Mass of DM at detectors

1 E
2 > threshold
— MV E m) m, > 6MeV-
X threshold
2 X~ X~ 15 eV
Threshold | Lowest DM | Relevant Techniques, Technolo- 10° R
Mass Probed gies, and Materials Liquid Nobles | Q{\\i'\ j
206V | 20 MeV (ER) Noble Elements (TPCs & SPCs) 1021 Bubble Chambers 1\\\\'\‘ Yy
100 MeV (NR) | Solid-State Charge Detectors N \\¢:‘-"‘\f:t"
Phonon Detectors RN
Threshold Detectors ~ 104 i’y
: > lonization in ¢ éé'
500 meV | 1 MeV (ER/NR) | Semiconductor Detectors A Semiconductors/Insulators 7 (b’b
500 meV (Abs.) | Athermal Phonon Detectors 5 10° 4
Scintillators 0
NIR Photon Detectors v e Optical Phonons
5meV | 10 keV (CE) Superconductors 0 Low-Gap Materials
5 meV (Abs.) Low-Gap Materials ¢ 2
Athermal Phonon Detectors 107
Polar Materials Superconductors, Superfluids
Superfluids 1034 Single Phonon Detectors
FIR Photon Detectors
Magnetic Bubble Chambers i
Other new ideas 10 : ] : ' :
103 102 107! 10° 10! 10?
Mass (MeV)
Rouven Essig, et.al, arxiv: 2203.08297
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Electron Density Fluctuation
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(%) = 32, anu (x)
b ) [ Bre’¥*ur (x) u; (x)

X 17

22 (leTI i) (iler )
({1e9)j) = [ @@ (il ()6 () |7 = [ P @ (il (x) 1)
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g = Z’P‘io“i—)f
i, f

d3p 1 ~ ,27r5(w —w i e QK|
f 3 2 T B = | P (ile™ %)) (flei@ i)

ss’ i,f

d3p! 76,[(E, +E.)2—Q? [ o2m2+m2, \°
[ dwé (@+ei- fd35(3) X~ 5 42 EE ( , A)
[/ wé (w+ei —gf) Q4™ (Q+p} —px) (2r)° 42 B\ E v, Q% — w?+m?,

X 27l (wpp/ —w)/dBdex’ZPi< |e—1Q % A > (flezQ xa )
“f

f / d3Q 7rf’xe[(E +E)?-Q% ( o’m2+md,
2eE E; vy Q? —w? + mi,

XZPi zI/)Qlf) (flo-qlé) 0 (w+ei —¢y)

d3Q 7 e[E +E2-QY [ o®m2+m?, \°
Vtarget/ / Q X 2 E E, (Q2 A2 ) 5(wpp,-w) Sﬁﬁ(Qaw)

2
) 270 (Wppr — w)

— w2 + mA,
o, / o / dSQ mxe[(E +E'> — QY ( o2l +md, )25(wpp'—w)1m[ = ]
rareet (2m)® 42 E\Elv Q?-wr+m%, )] Voou(Q) e(Quw)|’
where Viarget = NeenVeen is the volume of the target material. In the third line, we insert two identities

Jdwé(w+e; —¢f) and [d3Q4B) (Q+p), —py) for the change of variables. In order to disa:uss tlie excitation
process in the context of the response theory, we introduce the electron density operator j, (x) = 9] (x) ¥, (x), where
the nonrelativistic field operator . (x) = ), ;u; (x) is expressed in terms of the eigen wavefunctions {u; (x)} and
their corresponding creation (annihilation) operators {&}} ({a;}). In the momentum space, the density operator is
rewritten as pq = [ d3xpe(x)e *@*, which describes the density fluctuation of the electron system [84]. The the
dynamic structure factor is defined as
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S Py (S 15l w+ & — &)

‘/target if

_ ;[xop (Quw +1i07) — x5 (Q,w — i07))]
1—e B

~ i [Xpp (Q w+1i07) = xp5 (Q, w—i07)]

Ss5 (Q,w) =

= —2Im [, (Q, w)] (S.4)
2 —1
- @™ ) (5:9)

where 1—e 7 depends on the inverse temperature 8 = 1 /kpT, which can be approximated as 1 for the semiconductor
target. The master function x;; (Q, z) , representing the correlation function of density operator pg, can be estimated
by the Matsubara Green’s function, and xj, (Q, w) = x55 (Q, w+1i0") and x;5 (Q, w —i0") are the corresponding
retarded and advanced correlation function. For the last line, we use the relation between the dielectric function and
retarded correlation function in the linear response theory, that is

1
Qo) = L Vo (Q)55 (@ ). (S:6)

In the nonrelativistic limit, the cross section in Eq. (S.1) reduces to the expression in Ref. [53], which describes the
scattering between a halo DM particle and the electrons in solids.
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Lindhard

0
)
&
-1 E
L
g
€
=
-3
i _4
0 2 4 6 8 10 0 2 4 ) 8 10
k [keV] k [keV] k [keV]
» The Lindhard method: » The Mermin method: » The GPAW method:
Assuming homogenous material and A generalization of the It relies on a first principles calculation with
neglecting all dissipation effects. Lindhard which includes package GPAW.
dissipation.
Simon Knapen, Jonathan Kozaczuk, and Tongyan
Lin, Phys. Rev. D 105, 015014(2021).
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i} local 00 d @LIS
e.g. Cosmic Ray DM d_X = Dy Px / do CR

differential electronic excitation rate:

dR 1 0 d%, do
— dB, | ——=X—

_ 2 2
_ i Txe / dSQ /dEX d(I)(Ex) ( (2Ex —w)” — QZ ) ( azmg + mzA’ ) (EX(EX ~w) )
pr 4oz, | (27)° dE, 4E,(E, — w) Q% —w? +m?, P;
-1
X QIm[—E(Q,w)}G[EX - \/(Px _ Q)2 -|—m§( - w},

2025/7/13 28th Bled Workshop @ 2025 32



DM-Electron scattering in semiconductor
e Comparison with EELS data:

The results an incident electron beam kinetic energy of T = 100 keV

45 _ The data of EELS

40 - Baston, P.E. (1991) g

Palik (1985) . . .

35 4 [_ Lindhard > Overestimating the response
= 30 - —— DarkELF (Mermin)J N ' '
% - <=— DarkELF (GPAW-— [he posmon and height of .pcak 1S
= —— OCDark (+ Lind) consistent, but GPAW predicts a
‘é 20 - slightly broader peak.
<

Underestimates
lonigation charge: Q(w) =1+ |(w — Egap )/¢]
The elastic scattering between

incident electrons and lattice, 5 7
not electron-hole pair 0 -

I
excitations. 0 5 10 15 20 25 30 35 40 45 50

Siligon: E,,, = 1.2eV and € = 3.8eV.

Rouven Essig, et.al,
arxiv: 2403.00123
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» Similar Fermi’s Golden Rule, but different kinematics

Q =Q| = |px — Py, w=Ex—E§<=\/p?<+m?<—\/Ipx—QIZJrTn?<

» Scattering potential

Tye [(2E —w)? - Q2]
A3 Ex (BEx — w)

» Dielectric function remains the same

» Event rate i d(I)
pT/dT /47r AT, ( )F(pX)

V(Q,w)|* = [Fom(g)|,
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Cosmological and Astrophysical Constraints

10—19
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Direct Detection

107365 — £, =100%
10-378 — fo=1% Astrophysics
10—38 R A | IIIIIIII 1 IIIIIII| | IIIIIII| I IIIIIII| | IIIIIII| {6
1072 101 100 10t 102 103 104 10°
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