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

Theory (Hidden sector DM)
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Ca(r) | 8 | M€ [WBed| L2dke(de) 6,40  (B00m| SENSEI
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Xe |6.7PE (~025¢ )| 15kg-d |12 eVee (V4 PE)|| 05,3 10 ||-4 km| XENONIO [5, 9
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1. From WIMPs to Light DM o)
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2. sub-GeV DM and Collective Excitations
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2. sub-GeV DM and Collective Excitations

4 . Production \ o How to test Light DM models
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2. sub-GeV DM and Collective Excitations
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2. sub-GeV DM and Collective Excitations

lonization signals

(DM-e, Migdal effect, Loop induced)

Electron Scattering Migdal Scattering

Licht Dark Matter Noble Liquid Detector Solid detector
g (large volume, high threshold) (small volume, low threshold)

Non-Relativistic \/ \/

Relativistic \/ ?

Collective Excitations
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2. sub-GeV DM and Collective Excitations R
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2. sub-GeV DM and Collective Excitations

Valence electrons are free in Plasmon is the quantized form of
metals and semiconductors, and the electron density fluctuation in
form an electron gas holding the the medium, oscillating with a
ionic lattice together. frequency: w, = /%o

hw, = 15.0eV

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

14.8 eV
15.0 eV

g
T




2. sub-GeV DM and Collective Excitations

€ DM-induced Plasmon Signals in Solid Detector

R~ / v f(v) / BaF8(@)S (a,wq)

Interactions in CM systems Electronic Structure
(polarization)
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&?(Q,w) — 81(Q,w) + iEQ(Q,&))

e(w,q) $
Dissipation Processes
Dielectric Function (absorption and scattering)
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2. sub-GeV DM and Collective Excitations

Benchmark Model :
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2. sub-GeV DM and Collective Excitations R
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2. sub-GeV DM and Collective Excitations

Liang, Su, LW, Zhu, 2401.11971

€ Energy Loss Function:
Density Functional Theory

€ Resonance (plasmon) :

w (eV)

Q] <5keV, w~ 15 eV

€ To excite plasmon:

Im[—e™ " (Q,w)] (logyo)

Vmin > q/w ~ 10°

Low deposited energy Relativistic Dark Matter
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2. Light DM and Collective Excitations

Sensei @ SNOLab

Cosmic ray Boosted DM
B & 1310.07705,
| 1810.10543,

1905.05776,

/ 2006.11837,

Electron recoil ionizing 1-6 e~ in
the detector, which corresponds to
(~1.2-20 eV) energy depositions
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2. Light DM and Collective Excitations

Cosmic Ray Boosted DM
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2. Light DM and Collective Excitations

Liang, Su, LW, Zhu, 2401.11971
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2. Sub-GeV DM and Collective Excitations

2312.13342 SENSEI @ SNOLAB

massless mediator

All data
Shape Expo. |Ev. | Bkgd.
2e2p, h || 13.58 | 10 | 10.66
2e2p, v || 16.21 | 13 | 12.65
2e2p,d || 17.82| 32 | 25.31
2e, all (46.61| 55 (48.62
se’lp 20.87 | o 0.01
3e3p 26.84 | 1 | 0.06
3e, all (|57.71| 4 | 0.07
4e2p 19.51 | 0 | 0.00
4e3p 27.60 | 0 | 0.00
4edp 15.93 | 0 | 0.00
4e, all |[63.03| 0 | 0.00
5e, all 65.56 | 0 | 0.00
6e, all 67.31| 0 | 0.00
7e, all 68.53 | 0 | 0.00
8e, all 69.52 | 0 | 0.00
9e, all 70.30 (| O | 0.00 10'3130_3
10e, all || 70.89 | O | 0.00

R
m, [MeV]

Licht Dark Matter Noble Liquid Detector Solid detector
s (large volume, high threshold) | (small volume, low threshold)

Non-Relativistic

Relativistic

v
v

NOPP-2024@ IHEP, Beijing

v

Collective Excitations



Conclusions

Dark Matter Particle

keV MeV GeV TeV
g
Direct Detection

2020-Now 2012-Now 1983-Now

~ 9
( 40 years, 10 orders) Collective Excitations DM-e DM-N

Multi-disciplines + Multi-messengers -

A New Era in the Quest for Dark Matter

Thank you very rnci




Back Up

Threshold | Lowest ~ DM | Relevant Techniques, Technolo- 10°
. : o o
Mass Probed | gies, and Materials Liquid Nobles o© ,
20eV | 20 MeV (ER) | Noble Elements (TPCs & SPCs) 1021 Bubble Chambers W fo

100 MeV (NR) | Solid-State Charge Detectors q\@k“\ \e@i/’

Phonon Detectors : ) R\ ol &

Threshold Detectors o U o WO .o"\

: > lonization in ,' &

500 meV (Abs.) | Athermal Phonon Detectors 5 10° .

Scintillators :t:') A

NIR Photon Detectors 20! Optical Phonons

5meV | 10keV(CE) | Superconductors 0 Low-Gap Materials

5meV (Abs.) | Low-Gap Materials Y

Athermal Phonon Detectors 107 7

Polar Materials Superconductors, Superfluids

Superfluids 03 Single Phonon Detectors

FIR Photon Detectors

Magnetic Bubble Chambers 0+

Other new ideas 03 102 107! 100 10! 102

Mass (MeV)

Rouven Essig, et.al, arxiv: 2203.08297
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Back Up

Counts (50eVee) !

)

(@)

FERMILAB-PUB-23-256-PPD

Confirmation of the spectral excess in DAMIC at SNOLAB with skipper CCDs

b b b o b b b
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Energy (keVee)
man e excess may corresponds to
A EXCESS22 a WIMP with mass ~2.5

EXCESS22@IDM

EXCESS23@TAUP

NOPP-2024@ IHEP, Beijing

GeV/c? and a WIMP-

nucleon scattering cross
section ~3 x 10~49cm?.
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Back Up

The calculation of dielectric function:

DarkELF: Including the real and imaginary parts of the dielectric function Simon Knapen, Jonathan Kozaczuk, and Tongyan
calculated using the DFT software GPAW.

Lin, Phys. Rev. D 105, 015014(2021).
Lindhard 1
0
3
|
=
-2
B
=
-3
7 | | | | 4
0 2 4 6 8 10 O 2 4 6 8 10 0 2 4 6 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.
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e.g. Cosmic Ray DM d_TX = Degr

differential electronic excitation rate:
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Back Up

DM-Electron scattering in semiconductor

e Comparison with EELS data:

The results an incident electron beam kinetic energy of 1" = 100 keV

The data of EELS
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1

C
s &=
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The elastic scattering between
incident electrons and lattice, 5
not electron-hole pair

Baston, P.E. (1991)
—— Palik (1985)

v

—— Lindhard
—— DarkELF (Mermin)

<—— DarkELF (GPAW >
—— QCDark (4 Lind)

Underestimates
loni

B

> Overestimating the response

|, The position and height of peak is
consistent, but GPAW predicts a
slightly broader peak.

pation charge: Q(w) =1+ |(w — Egap ) /€]

on: E,,, =1.2eV and € = 3.8eV.

0 -
excitations.

Rouven Essig, et.al
arxiv: 2403.00123
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1. **Lindhardt®2** | XE—PHFZHMPIER, HTERMESNERS THE TN
Rt — 1 EENER, FIEERINELZN/NEERKNXE.,

2. R HITN (DFT) FIBSHUIBIE(L (RPA) ** - SREE75 A o] I SRR BN e
BH, SRR TREMEET NI E. DFTZARPAT LR EEN 7 i B 4 SR A 3F
MEERR.

3. **QCDarkit&** | XZE—METE—MREMNITETLR, ATIHEBRYRSE T
SRV EE ER AU AR

4. **DarkELF LRE** : XZ— PR E, EiRE 7 ADFTEAFGPAWITE /M iR
SR SCEBA RERBEYTIRE, FF B O DUEFFE(E FLindhard &R BRI & 41 B BB X

IEXHEREE (R XEARNITEIEEGEER, MREEERNMTERIKE
3, AR BILE ALindhardiE B KA IEQCDarkit B AN BB R E S0, MRl —1
EREEXERIRFNNBRIRE, IMASRUERMAFE FERMTEETE
BHlEN, XER Alindhard R B A X — X ARt 7 o EryfER, 7B 5QCDarkit
BN EBERBESNEERAITEHELE.



Lab frame Nucleus rest frame lonization/excitation electron

1t

after NR : before NR

Dec) P = (@32 °

V: nucleus velocity after the recoil |(I)’ > — e iMe 2 VX
(H¢&

The electron clouds are no more Galilei transformation

in the energy eigenstates ionized/excited energy eigenstate
e X; the position operator of the i-th electron gVies9

1
mevi Z, Eihreshold ‘ my Z 6 MeV - (

Z
where {//} =© + + o

I (Q,w) 471
Q7

Ethreshold )
15 eV

1 Z ‘<’L|€7’Q§clj>|2 (f f ) . .
V 2uij gi—e;—w—d0F \Ji T Jj Lindhard function
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T (py) = (33? V(Qw) [2Q_21m( e(Ql,w))]

» Similar Fermi's Golden Rule, but different kinematics

Q=10 = [py—Py|, w=Ey—E,= /o2 +mi—/lpx—QF+m3
» Scattering potential
moe |(2By — w)? - Q7]
4p2 By (Ey — w)

» Dielectric function remains the same

» Event rate 10 d<I>
pT/dT /47r dT, ( )F(p")

|Fom(g)|?,

V(Qw)* =
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