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I. Towards Light Dark Matter
Direct Detection
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Towards Light Dark Matter Direct Detection
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0 Motivation for Dark Matter Detection:

Dark Matter (DM) is well motivated by cosmological and astronomical observations

Plank CMB observation suggests DM composes about 27% of the universe

However, DM has not been confirmed (detected) in particle physics Yet
Collisions of the Bullet cluster

Rotation curve of spiral galaxy NGC 3198

40

200
IIII]-ITIIIIIIIIIIIIIIIII

T ¥

s 1

100 —
g . I Stars and gas
>O
G — )
/ T | T I T '
0 10 20 30

Fig from Freeman K C. The hunt for dark matter in Galaxies.
Science, 2003.
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related topics in cosmology. Front. Phys., 2017
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Towards Light Dark Matter Direct Detection =

O GeV~TeV WIMPs and Its Detection:
Weakly interacting massive particles (WIMPs) with GeV~TeV mass is a well-motivated DM candidate

Direct Detection of WIMPs mainly relies on signals from elastic scattering of DM and target nucleus

Exclusion limits for GeV~TeV WIMPs are approaching Neutrino Floor
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Towards Light Dark Matter Direct Detection

O Light Dark Matter Candidates:

Null results from WIMPs searches have motivated studies of Other DM candidates:
» Dark Photon, Axion, Axion-like particles, Fermionic DM ...

Detection of Light DM requires observable signals in the Detector:

> Lower energy threshold (Detector) & Signal from DM absorption (Interaction)

QCD axion WDM limit unitarity limit
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T o t | | —

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

(Q-balls, nuggets, etc)
non-thermal dark sectors black holes
bosonic fields sterile v

Fig from: Tongyan Lin, TASI lectures on dark matter

can be ther mal models and direct detection, arXiv:1904.07915
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Il. CDEX Experiment
Using PCGe for DM Direct Detection
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CDEX Collaboration

Founded in 2009, 11 institutions, more than 100 people now
Dark Matter direct detection via Point Contact Germanium (PCGe) Detector
EDEX"I‘HH‘& ..EEF
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CDEX Experiment at CJPL i

O China Jinping Underground Laboratory (CJPL):
CJPL is the Deepest underground Lab worldwide with a vertical muon flux of 2X10-1° cm-2s!
First two phases of CDEX experiments: CDEX-1 & CDEX-10 have been conducted at CJPL-I
» Muon & muon-induced background are negligible for CDEX
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CDEX Experiment

O Point Contact Germanium (PCGe) Detector:
@ CDEX-1: Two PCGe (C1A & C1B), cold finger cooling, Cu / Pb / BPE / PE Shielding
@ CDEX-10: PCGe array directly cooled by liquid nitrogen, Cu /LN / PE Shielding
Data collected by 4 PCGe (C1A, C1B, C10B1, C10C1) are used in DM absorption signal analysis
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Fig from Phys. Rev. Lett. 123, 221301, 2019 Fig from Phys. Rev. Lett. 120, 241301, 2018
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CDEX Experiment Spectra
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A=54
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Ill. CDEX Searches for Light
Dark Matter via Absorption

(Dark Photon, Axion & Axion-Like particles, Fermionic DM)
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CDEX Dark Photon Search <
0 Dark Photon Detection via PCGe:

Dark photon with mass (m,) in keV scale is a possible DM candidate

Dark photon may convert to photon and be detected by PCGe as a monoenergetic signal

K being the effective kinetic mixing parameter between dark photon and photon
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CDEX Dark Photon Search i
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A=54

O Solar Dark Photon (CDEX-10):

Adopting BP0O5(OP) solar model and DP from Stueckelberg case with nondynamic massl!'2

[1] Phys. Rev. Lett., 111, 041302 (2013)
[2] Phys. Lett. B, 725(4): 190-195. (2013)

Set limits on mixing parameter (k) for dark photon mass (my) in 10 ~ 300 eV

Most stringent direct detection limits on k at the time of publication

(PRL 124, 111301, 2020)
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CDEX Dark Photon Search

)

O Dark Photon Dark Matter (CDEX-1 & CDEX-10):
Assuming DPDM follows the Standard Halo Model with a local density of 0.3 GeV/cm?

Set limits on mixing parameter (k) for dark photon mass (my) in 0.1 ~ 10 keV

Exclude New parameter space at 0.1~0.2 keV at the time of publication
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CDEX Axion & Axion-Like Particle Search

0 Axion Sources:
(D Solar Axion: CBRD Axion & Fe-57 Axion |
Reference for Solar Axion Flux:
S. Andriamonje et al., J. Cosmol. Astropart. Phys. 12 (2009) 002.

@ Axion-Like-Particles as Dark Matter Candidate J. Redondo, J. Cosmol. Astropart. Phys. 12 (2013) 008.

(1) C: Compton-like scattering d® ) 33 2987  —0.766E
@ B: axion-bremsstrahlung dE, = 9heX1.33X10%XE;"" - 772
@ R: atomic-recombination

@) D: atomic-deexcitation

Solar Axion < Axion-electron coupling

- CBRD Axion

E -e077Ea

1+0.667E ;278

+95,%2.63x103°x

57Fe* = 57Fe + Axion

¢ i .
Fe-57 Axion (14.4 keV monochromatic)

3 2
CI)14.4 = (z—Z) X4.56X1023 . (glef)
f

Effective nuclear coupling

Axion-Like-Particles Local density: 0.3 GeV/cm? ap
AR o S TP ALPs velocity: Standard Halo Model PaLp = ppum - -
(as DM Candidate) (nonrelativistic) aLp
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CDEX Axion & Axion-Like Particle Search =

[0 Axion Detection via PCGe:

PCGe detects Axion by axioelectric effect produced electron:

Count (kg keV! day™)
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CDEX Axion & Axion-Like Particle Search -‘"_:Q'-

O Solar Axion Result (C1B data): (PRD 101, 052003, 2020)

Analyze Axion signal via Profile Likelihood method (PRD 96, 122002 2017)

@) CRBD: limits on axion-electron coupling: g,. < 2.48E-11

@ Fe-57: limits on axion-electron coupling & axion-nuclear coupling: gae X gay <4.14E-17 (m,=0)
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CDEX Axion & Axion-Like Particle Search ::ﬁ

0 Axion-Like-Particles Result:

Analyze Axion signal via Profile Likelihood method

» CDEX-1B best limit on axion-electron coupling: g,. < 4.0E-13 (m, = 1.5 keV)

-9 =
10 = —— CoGeNT —— CDEX-1 —— CDEX-1B (this work)
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Ch L
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107" 1 10 (PRD 96, 122002 2017)
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CDEX Fermionic Dark Matter Search s

[0 Fermionic Dark Matter Detection:

If Dark Matter particles are Fermion:

e 8

Theory:

J. A. Dror, et al, JHEP, 2: 134 (2020)

J. A. Dror, et al, Phys. Rev. Lett. 124, 181301 (2020).
J. A. Dror, et al, Phys. Rev. D 103, 035001 (2021).
S.F. Ge, et al. J. HighEnergy Phys. 05, 191 (2022).

they can induce neutral current absorption with nucleus or electron

Fermionic Dark Matter
(Standard Halo Model)

Galaxy frame (|V+ V,|)

‘— Lab frame (|V])

--- Galactic escape speed (vesc)

Probabilty [per 100 km/s]

| | | | I L I
100 200 300 400 500 600 700 800

4 PCGe Detector

electron

Ge Atom

\

Dark Matter Velocity [km/s]

Interaction with Nucleus

O

Fermionic  Nycleus™.

DM particle

Nucleus Recoil

Interaction with Electron

Electron

Fermionic

DM particle YO Electron Recoil
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CDEX Fermionic Dark Matter Search

O

OO0 Expected Spectra from Nucleus Absorption:

Nucleus Recoil Energy: Ex =~ m%/(2My) } After Quenching & Energy Resolution:

» Monoenergetic peak for each DM mass
Total Event Rate: R = p,/m,, - o - MLZ]. N;M;A?F? getic p
T

10 F F i
C 6 _ 72 e
- m, = 40 MeV/c2 0Ge Ge Co 5 160 eVee Threshold
L e = 1e-45 cm? MGe  —— ™Ge | onc = 1€-45Cm= | 4. C10-Bl data
- UNC = BGe  —— Total my =10 MeV/c?
— 100 - = my = 20 MeV/02
s g -l
3 = 5 Ne=30MeVE
& N =40 MeV/c?
@ Q | FJ{” + ++{—< ,_P T ny
< <
& || {” H T Fh{th* SRy
§ 5
> -1 > 0 1
M0 F S (U
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CDEX Fermionic Dark Matter Search -

O

O Limits on Nucleus Absorption Cross-Section (oyc):
AnaIySiS 10~45 MeV DM USing C10B1 data PRL 129, 221802, 2022

CDEX achieves the lowest DM mass reach (10 MeV) among direct detection experiments to date
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2 3f B
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g [ =
Z2F
o oL PandaX-4T (2022)
1F
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CDEX Fermionic Dark Matter Search w5
0 Expected Spectra from Electron Absorption: Theory:

(D Treat Ge as an isolated atom (a conservative assumption)

J. A. Dror, et al, Phys. Rev. D 103, 035001 (2021).
S.F. Ge, et al. J. HighEnergy Phys. 05, 191 (2022).

@ Only consider absorption by core electrons in Ge (K-, L-, and M-shell electron)

10
i — my =2.0 keV

— my,=12.0 keV

0.V, = 1e-45 cm?

Counts [events/keV/kg/day]

----- Threshold : 160 eVee
+ C10B-Gel Data

Vector Interaction

h+++++++++++

0 T

Eqet [kKeVee]

0.0 02 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

neutrino energy ionization form factor
By pos MW 0
dFE et My 647rmxmg Ego — |Egl| ion\FK
' X
Binding energy

4 2
IMVA(Q)?2 = (4,12) x el

My (oevy)

@ V: Vector type operators in x-e coupling
@ A: Axis-vector type operators

For two types of operators:

» Same spectrum shapes

> Different event rates
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CDEX Fermionic Dark Matter Search

O

O Limits on Electron Absorption Cross-Section (o,v,):
Analysis 0.1~12 keV DM using C10B1 data

For vector and axis-vector operators:

» New Experiment results for m, = 0.1~10 keV

N arXiv:2404.09793v1
107402 .
10414| vector operators 3| axis-vector operators
10 41?
—-42 3
10 10-%2-
_ —43 — E
NE 10 NE 10—43%
10744 S E
= 45 > 10_44?‘
< 10~ > ;
>GJ >cu 104 ~. /]
© 10746 @ - ~-
10740+ _—
10-47 $— CDEX-10 (90%CL) ==
—— CDEX-10 (90% C.L.) 10~ 473— PandaX-4T (90% C.L.)
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IV. Summary

Conference on frontiers of underground and space particle physics and cosmophysics

25



AN

CDEX Search for Light Dark Matter Absorption Signal in PCGe &5

(1) Dark Photon: PRL 124, 111301, 2020
Solar Dark Photon (CDEX-10): PRD 101, 052003, 2020
Best limit on mixing parameter (kappa) at the time of publication
Dark Photon Dark Matter (CDEX-10 & CDEX-1B):
Extend New parameter space at m\=0.1~0.2 keV at the time of publication

(2) Axion and Axion-Like-Particles: PRD 101, 052003, 2020
Solar Axion (CDEX-1A & CDEX-1B): PRD 96, 122002 2017
Set limits on axion-electron & axion-nuclear coupling via solar CBRD & Fe-57 axion channel
Axion-Like-Particles (CDEX-1A & CDEX-1B):
Extend parameter space to m,=185 eV at the time of publication

(3) Fermionic Dark Matter: PRL 129, 221802, 2022
Neutral current absorption with Nucleus (CDEX-10): arXiv:2404.09793v1
Extend New parameter space at m,=10~27 MeV for absorption cross-section
Neutral current absorption with Electron (CDEX-10):
New experiment results for m,=0.1~10 keV for axis-vector (vector) absorption cross-section
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Thanks for your attention!

9

- s
—"-'-'-"-" EIJ El Ht!m,)ﬁ\*gﬁ -%j%;!_?;aﬁz

~ A
China Dark matter EXperiment China Jinping Underground Laboratory
[S———
BREARE - BRTIREXKEFARERAT

http://cdex.ep.tsinghua.edu.cn http://cjpl.tsinghua.edu.cn

Conference on frontiers of underground and space particle physics and cosmophysics


http://cdex.ep.tsinghua.edu.cn/
http://cjpl.tsinghua.edu.cn/

Back Up Material

Conference on frontiers of underground and space particle physics and cosmophysics

28



CDEX Axion & Axion-Like Particle Search -‘é

0 Solar CBRD Axion Result:

Analyze Axion signal via Profile Likelihood method

Set limits on axion-electron coupling: g,. < 2.48E-11

(PRD 101, 052003, 2020)

- b data CBRD Axion Signal -
o~ 20— — CDEX-1B (this work) ./ V4
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CDEX Axion & Axion-Like Particle Search =

[0 Solar Fe-57 Axion Result:

Analyze Axion signal via Profile Likelihood method

Set limits on axion-electron coupling (g4.) & axion-nuclear coupling (gan)

» For my=0, g, Xgsn <4.14E-17
(PRD 101, 052003, 2020)
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