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CDEX collaboration and dark matter programs

Recent results from CDEX-1 & CDEX-10 @CJPL-I
CDEX-50dm Experiment of CDEX@CJPL-II

R&D on the key Ge technologies & background controls
New development of CJPL-II

Summary & prospects
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Direct detection in dark matter searches

indirect detection

Universe content DM > SM
ST 3 g v ~27% of the Universe
@ 3 consists of dark matter
8 v WIMP(x) is one of the

most popular dark matter
candidates, and y — N
elastic scattering is

DM <Collider' SM

A picture for IF DM is a particle...

dark matter (~GeV) " :: UNEXPLORED EXPLORED/EXCLUDED inte ns ive lY S*Ud ied in
x\ um 102 Low threshold 7 r'ecent year's °
ngh sensitivity . .
>- “° LT — v Current wisdom in PP:
4 4 S 10 i UNEXPLORED
dead layer~ e High sensitivity 5 [o- X N vs m X]
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Conventional WIMPs and other alternatives
Astrophysics Particle physics
WIMP Target Nucleus WIMP
dR N ,0 X f d3 f ( N n _ do_ b from galactic halo in laboratory  Fastic collision
- — Nt v,V + Vg *Detector response i
dEg my dEg v-220kmis  v~0kmls T /Br
Er~30 keVr
v Toward to the unexplored lower mass region... Boosted WIMP  y-e scattering
keV MeV l GeV TeV
WIMP search L e

* Annual modulation eee 2019 e

* Boosted WIMP: down to O(10 keV) PRD 2022 Rui Xu's talk Migdal effect ﬁl’?ﬁﬁf:\g
* Migdal effect (bremsstrahlung) ere 2019

« x — e scattering down to 0 (10 MeV) PrL 2022 Zhenys Zhang's talk

e DM from EFT Science china 2021 keV MeV o S??’Yer‘ing TeV
New physics beyond the WIMP I ‘. .
« Axion like particle: down to 0(100 eV) prp 2020 | o | I I |

* Dark photon: down to 0(100eV) PR 2020 dar'kAL:o‘ron Exotic dark matter ﬁ;t'fi'ﬁ?c
Exotic DM: down to O(1 MeV) PRL 2022 P ?

* Boosted keV-MeV DM from evaporating primordial BH #RD 2023 accepted zhenhua Zhang's talk



China Dark matter Expemmen%

v' Established in 2009, 11 institutes, >100 members.
http://cdex.ep.tsinghua.edu.cn/

v" DM and Ovfp experiment based on Ge detectors at CJPL.
P-type Point-Contact(PPC)

v Many DM & Neutrino physics results published in last 10 years.  Germanium detector

P n+

p"’\" /

v Best energy resolution
(~200 eV @ 10.37 keV)

v Low energy threshold
(~100 eV)

v Low background



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

CDEX Roadmap

v' CDEX-1 (2011-2018): Development of PPC Ge detector, bkg understanding

v CDEX-10 (2016-2022): Performances of Ge detector(detector fabrication-homemade)
immersed in LN,

v' CDEX-50dm (2021-2027): An array of 50 kg Ge detectors in cryogenic liquid for DM
searches

v' CDEX-300v (2021-2027): An array of enriched 300 kg Ge detectors in cryogenic liquid
with an optimal low-radioactivity experimental setup for Searches of neutrino(OvBp) and
diversified new physics CDEX-50

CO»CD

2011-2018 2016-2022
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CDEX program &

CDE
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O CDEX program: A staged Ge experimental facilities
v Mass of 1kg(N), 10kg(N), 300kg(E), 1T(E), and 10T(E), respectively.

v' At CJPL with 2400m rock overburden to dramatically reduce not
only the comic-ray flux but comic-induced isotopes.

O Scientific goals:
v Direct detection of dark matter : based on the low-energy spectra
of <20 keV, especially the spectrum of sub-keV region.

v" Diversified physics : Solar neutrino via v-N elastic
scattering ;Search of OvfBp to understand whether neutrinos are
their own particles, neutrino mass ordering, leptogenesis, GUT .....;
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China Jinping Underground Laboratory(CJPL) <

CDEX

v'World's deepest underground lab, CJPL
v'"Near Xichang city, Sichuan Province, Southwest China
vTwo DM exp. (CDEX, PandaX)+LBF(radio-assay) operated now

e: 4000 m*

China Jinping Underground Laboratory = ,/
(CJPL) e

.
LBF PandaX Rt l;reparation Room

Total muon flux (cm2s-1)

4 5 6
Equivalent vertical depth (km.w.e)

Cheng et al., Annu. Rev. Nucl. Part. Sci. 2017. 67:231 |

o o
(w) uapanguano ydoy



N
7

q

CDEX-1 Experiment

v 2 sub-stages: CDEX-1A(2011)->1B(upgraded, 2013);
v' Single-element ~1kg PPC Ge detector;

O
O
m
>

\ N[

N| Ge crystal N [/12FHC
Nl (Ptype) |NF
NI N

v" NalI, enclosed the cryostat of Ge, served as |
anti-Compton detector. i =
- BN

v" Located in PE room at CJPL-I. i

s

OFHC Cu

Dcw.% r I
[ |

CDEX-1A&B: 1kg PPC Ge X 2




v Array detectors: 3 strings with 3 detectors each, ~10 kg total;

CDEX-10 Experiment

v An array immersed directly in LN,;

v" Prototype system for future hundred-kg to ton scale experiment

* Light/radio-purer LN, replacing heavy shield i.e. Pb/Cu;
« Arraying technology to scalable capability;
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CDEX-10: ~10kg PPC Ge r'r'ay

N
7

O
o@]
m
>

Science China-PMA 62, 031012 (2019)

Layout of
PE room

10
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X — N elastic scattering results from CDEX-1B &10 &5
CDEX

O CDEX-1B: | > Threshold of 160 eV is achieved.

v" First extended the mass to 2 GeV/c? among Ge experiments.
v The most sensitive result on SD y — N elastic scattering below 4GeV
v" The best result on the WIMP annual modulation below 6 GeV

O CDEX-10

v" The most sensitive result on SI y — N elastic scattering at 4-5 GeV

CiB WIMP C1B WIMP annual modulation - C10 WIMP
~~ T T T T T T { T il N -
\\ e F . e CDEX-1A 2016
et | o =)
CDEX-1B ’\\l“\‘\‘llé\iéd %) 7;
(This Work) © P
CRESST-II 2016
—_ 1074 —_
£, ~ S ol
=z ~N ~ 10
e \\ 7% . .
~ () CDEX-10
10% CDEX Projected \\\ ) (This Work)
{100 eV, 0.1 kg " keV 0kgyr) N =" B Ry
o 10742 = )(‘I‘(,
10 104 e = : \\ Projcted 01,S,20
= “mi[ DAMA/LIBRA 5-A90% 1 [ \QOO eV, 0.1 keVee kg d 10 kg-year) g
r - - o ) e e e
16 I I 1 | I | L 10_41 | , | = ) L[\ 2017 | .
1 2 3 41 5 6 7 8910 4 5 6 7 8 910 20 3
M,(GeV/d) m, (GeV/c) 2 4 6 8 10

m, (GeV/c*)

Chin. Phys. C42,023002 (2018) Phys. Rev. Lett. 123, 221301 (2019) Phys. Rev. Lett. 120, 241301 (2018) 11
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Annual Modulation Searches from CDEX-1B =
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j Electron CDE
v’ Explore the new AM detection channel
> below the mass of 6 GeV/c?

Nucleus

~
WIMP wind 4 ﬁ

CDEX Ge array Direct detection

. _ Galactic plane

Halo Model

WIMP wind

Count rate

/[/TIIII

> 2'5:_ expected CoGeNT (3 yrs)

O 2= l >0GeNT best-fit (400 days)

D sHATT ~ ® CDMS-II best-it

% 1074
<

4 5 6 7 8 9 10 20

m, (GeV/c°)

Phys. Rev. Letr. 123, 221301 (2019)




WIMP searches with Migdal Effec'r =

v" Migdal effect (ME):

* Elastic scattering: y + N - v + N(ER)

* Migdal effect: y +A—> y + N(Eg) + e (Egy)

v The electrons has finite probability that
they do not follow the motion of the nuclei
such that the electrons of the target atom

will be excited or ionized, i.e

high-energy

electrons are ejected via inelastic y — N

scattering process.

o A )
DM A

N

Secondary process
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European Astroparticle Physics Strategy 2017-2026.
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Solar Axion & ALP results &

v'Background assumption: ALP dark matter CDE

107°

>

= COGeNT =— CDEX-1 === CDEX-1B (this work)

* Continuous background + X-rays IO I i e
. . . 10710 —— XENON1T ~ —— TEXONO
v'Profile likelihood method
v'Excellent energy resolution of Ge is suited for the o

monochromatic DM axion and Fe-57 axions o
v Competitive g4, constraints exist for m,: 100eV ~ lkeV

10—13

I IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| ULLRLLLLL

Mypp (keV/e?)

107"
[~ ~ EDELWEISS-I CBRD Solar axion 100
- —— CDEX-1 E
3 B — ~ . ,Q [ ~ !
Fe-57 solar axion i CDEX-1B (this work) K N CDEX-1 EDELWEISS-II
| —— MAJORANA e ——T---- a e - CDEX-1B (this work)
o i EDELWEISS-IIl
Ap* 14.4 keV 56" —— EDELWEISS-II 107
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X 10" —— Pandax-I ! I XENON
AAAAAAAAAAAAAAAAAAAAA §w?t Compton ea— I bremsstrahlung ux i LUX
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- - F
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€
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Phys. Rev. D 101, 052003 (2020); Phys. Rev. D 95, 052006 (2017)



v Solar is the most significant dark photon source.
v' Detection method: V+ A4 - A" + e~

v The expected event rates:
drR v E (
dE |ql

+ depending on dark photon flux ¢, the dark photon
absorption rates I'y;(my, k) in Ge

v'C10-B1 experiment
* Threshold: 160eVee
*Background level 2.5 cpkkd @ 2~4 keV
*Exposure: 205.4 kg day

v'The most stringent limits on x with mass of 10
to 300 eV/c? for solar dark photon

Phys. Rev. Lett., 124, 111301, 2020
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Exotic DM resulTs i

v New low mass 0(MeV/c?) dark matter (y) may Teac oy |
1074 Neural current absorption
interact with nucleon (N ): AN oy N
P [
Neural current fermionic DM absorption: x + N — v + NI 5 A
DM-nucleus 3->2 scattering: y + y + N > ¢ + N [@] ="
ERTR
2 2 2 /\/‘\/\/\/\/\M
Ep = & = (4 — E ) Z 107 MJD (2022)
M@ E ™ @
X X X 10%°4 PandaX-4T (2022)
- @ 22, e - _
\‘xﬁv \‘ﬁ ¢ m, [MeV/c?]
X + N i + N o —— £=0 (¢=Dark photon) C10-B1 (This work)
X + X + N - ¢ + N 39 | = £=1.87 (¢=Bound state) C10-B1 (This work)
. 107 20 (¢=Dark photon) MID (2022)
v' €10-B1 (205.4 kg-day exposure) with flat gage] R MR E
background assumption. % DM-nucleus 3->2 scattering
. _ . & 10"
v New experimental limits on lowest mass range is Xtx+N->o+
placed for these two channels based on the low > 10"
energy threshold of 160 eV. 0]

10 10
arXiv:2209.00861, PRL 2022 m, [MeV/c?] T
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v Light x can potentially pass most of the energy :

15 1075

onto electrons, depositing observable energy via

X — e scattering
v" A DM-electron scattering paradigm proves to be
successful extend m, to 0(10 MeV)
v The total rate can be written as 5,
R'L—>f = 27{-66 px- 1038k Fpm(g) ocg™!

V2, my pr |
d®q [ fe\

Z/(27r)3 (F) Fomg(a,w)lfims (@

i, f €

Crystal form factor




R&D on the Key Ge technologies -‘é-_;-
CDEX

v'Ge detector fabrication : Various types, P-type planar/coaxial, P-type
point contact/ BEGe ~20 has been successfully done.

v"HPGe crystal growth : On-going project

v'"ULB-VFE ASIC + Bare Ge immersed in LN, : Bare BEGe is successful
to perform in LN,

v'76Ge enrichment: Coupled with cosmogenic-induced backgrounds &
OvBp experiment

v"ULB-Copper production in underground : Goal: <pBq/kg

v LAr & SAr scintillating detectors : Active Anti-Compton & cryogenic
system

18
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HPGe Technology---Ge Detector Fabrication
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v" Home-made different types of Ge detectors by CDEX group:

v Detector performances are same with commercial products with
long-term stability.

Ge Detector Passivation techniques -- ShaSha Lvs' talk

Key technical Steps:

v' Commercial Ge crystal;
v’ Structure machining;

v’ Li-drift and B-implanted; |
v Home-made ASIC PreAmp; |..[i
v' Underground EF-Cu;

v' Underground assemble;
v Underground testing...

-30
7 (mm) . 0 10 22 (mm:)!o
Co-axial BEGe

19
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HPGe Technology---6e Crystal Growth
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v Long-term work: Ge crystal growth at underground Lab :

v Ge crystal growth and detector fabrication at CJPL has been
funded.
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HPGe Technology---ASIC PreAMP + LN, Cryostat =
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O The first Ge+ASIC+LN, detector in the world:
500g Ge + home-made CMOS ASIC preamp immersed into LN,

Signal Cables

O Works with expected performances!

‘Readout
L HYV Cables

Silicon Plate

Ge Crystal

e
Y77 | v Crystal Holder

201712 T1 (3.15d)
201809 T1 (8.83d)

wo reshold ~300eV
?-68,71 KX

S e
e Rt

cpkkd

R L
— 1% — 20

ASIC PreAMP Background spectrum @CJPL ..
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Electro-form Copper technology at underground & LAr/SAr ES
CDEX

v" Successfully electro-form copper production by CDEX at CJPL-1;

v" Involve in LAr/SAr veto-detector technology

103.4196
Cons1 206.3+3.5
u 15+0.1
o1 8.772+ 0.259

ons2 22.34+2.56
R 2 33+5.2
80— B, X o 10.98 + 0.66

L PP |

Electro-form copper LAr TPC Solid Argon R&D *°
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Simulation and Background Modelling 5
Study the PSD performance of the PPCGe and BEGe detectors - Wenhan Dai's talk CDE

v' SAGE: A simulation software toolkit for CDEX developed for
background simulation and pulse shape simulation.

d

>

> Shielding material ~*~
_ (LN2 or LAr) == ey

, Structure materials

PPPPPPP

. Cosmogenic isotopes —

> VFE materials s

b. Simultancity

Measurements and Ab initio calculation of atomic sAGE 2021 JINST 16 T09005
Compton scattering - ChangHao Fang's talk

Spectrum = e
—— Fes5 o — N2
Gess 1071 —— SignalCable 10 1
— R
s ;
s 1072 — e 102
HV Electronics
Si0 g
—— PTFE components
102 NG 107 |
Y -~ v“ M \ m mul ! \ i
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o ¢ e Ay o}
s e
A - h L‘“u-wl [ ) |W-\““J ‘ |
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I Vi . E H "
i i
H : S -8
‘l il ‘ } ‘ | 10 L L P i, N R AP ; ‘m“l‘hn.
il A2 i 0 500 1000 1500 2000 2500 3000
0.3 0.4 0.5 0.6 Energy /keV




Upgraded CJPL

CJPL-I to CJPL-II
v Volume: 4000 m3 to 300,000 m3;

main hall (6.5x6.5x42m) to 8 main halls (14x14x65m each);

v' Additional pit for the CDEX experiments;

w2 157] 251]
Auxiliary Gate No.2 No.1 Gateway HIKBEE Draining T | No.2 Gateway
raining Tunne
| I ‘ |
[ ZIBMHIEB Traffic Tunnel B
: |

[ RABREA Traffic Tunnel A
l : |
—— 2SHHBhREE No.2 Auxiliary Tunnel
11 :

o a)iEE RS Middle Connecting Tunnel = 1S5EBIREE no.a Auxiliary Tunnel
‘
BRSZPED ——

ARSSEA —— BRSSBEER ——

Service Tunnel A Service Tunnel B Service Tunnel C Service Tunnel D

: | PHF | EmEmERR : {5/

S KEFC
RWE A I e |

MRSSREEC —

nBisehE — [ : : COME R .
Connecting Tunnel AB Bl E B2 I : Connecting Tunnel CD D 1 : Dz »
ERRFRE e EYEMELE  EhgFRE RIEFD
k7M1 Hall B (FiRKER) s Hall D

1

Auxiliary Gate No.1

P#F
b
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CJPL-IT construction journey till now

v Under construction: major infrastructure construction will be completed by the end of 2023.
v Expected the construction of the laboratory will be completed by the end of 2024

-




r W4 Annu. Rev. Nucl. Part. Sci. 2017.67:231-251

CJPL-II: National Key Scientific and "
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Layout of C-hall at CJPL-II

v A space of L66m*W14m*H14m at CIJPL-II to be used by CDEX,
optimized with a pit of @18m at the end of Hall C1, a space of
@18m*H32m;

v' Excellent technical support: electronic power, LN,, LAr, Radon-free air
clean room, screening facilities and good logistics.

0O
o@]
m
>

27




Background Controls for CDEX-50dm

1. Construction/supporting material (Material screening)

v Brass/Aluminum/Lead Holder, cables, electronics
v Shield material/LN2 and others
v 40K 60Co, Th and U series

2. Intrinsic contaminations in detectors.

(6round time exposure control & crystal growing at UL in future)

v 3H, beta decay with Q=18.6 keV. (Goal: <0.01 cpkd)

v' Cosmogenic isotopes: 73.74As, 68.71Ge, 68Gq, 65Zn, >7Ni, °6.57.58.60Co, 55Fe, 5*Mn,*°V
3.Radon mitigation (Screening facility & Surface emanation )

v Permeability ; surface of detector/tank (Radon in liquid nitrogen)

4. On surface of detectors (Detector simulation & test on the bare Ge)
v o,B-rays to p-type, VERY Bulk/Bulk/surface differentiation.

28
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Goal and Sensitivities of CDEX-50dm 7
CDEX
Energy threshold: ~100eV:;
Background Level: 0.01 keV (~100 times less then CDEX-10)
Next step: Array of 50kg natural germanium detectors in liquid nitrogen, not LAr;
The sensitivities of CDEX-50: 10-* cm? level @ 4-86eV WIMP mass.
ﬁ—ﬁ%ﬁﬁi‘jﬁ'—ﬁr ° 10;_ . G? Ge — 10 CRESST-II 2016
L AL . - %
Crr ) “re M 7
I 101 | s CDEX-10
ssnian'm 2 i | 75
1prmﬂﬁﬁﬁ ”;g - R U= L
Eﬁwmw lj" :Z“ 10—43% ‘\’ Projected. o
Croltaht B s S
I "ﬂ\L i ML m“wl\" { ? 0 o 2 4 6 8 10

Energy /keV m,, ( GeV/c?)
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Outlook & Prospects
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> DM search: Missing Mass Density & GR Problem is the most intriguing
important one in basic science.

» Compelling evidence of Dark Matter existence inspires the searches of
New Physics in particle physics. WIMPs, Axions, Dark Photons... are
popular/motivated candidates. Other alternatives could be new favorite?

> CDEX has involved and made a diverse & significant contributions to the
Ge technology/science community: Mass production of 7°Ge isotope
material and Ge detectors; ASIC-PreAMP-Ge detectors; Large
underground space at the deepest CJPL. Underground Ge crystal growth
and detector fabrication for cosmogenic background control.

> The new Facilities AND Communities add to the world's arsenal on
exciting dark matter & neutrino experiments requiring deep locations.
Open to International collaboration.

30
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CDEX-300v Program (Enriched-Ge Array)

Neutrinoless double
beta decay (Ovpf)
* Neutrino mass 76Ge OvBB &
* Majorana/ Diracnature of ¥ - e h.
neutrino / Ge
* Lepton numberviolation '
Leadrymy \‘solar axion
Solarphysics
* Solardark photons
~* Solar pp/®B neutrino
» Solaraxions
1/
Cosmic Rays et
LN,

* Atmospheric neutrino

M
=
n %
)

mﬁgqﬁo
Ve =9,

Y
Dark Matter
» WIMPsdark matter
* Spin-dependent
\ * Spin-independent
: * Annual modulation
* Darkphotons
* Axiondark matter
Rare event search

* Electron decay (e™—3v)
* Pauli exclusion principle
violation transition

Supernova

* Supernova neutrino
* Multi-messenger

)
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HPGe Technology---Enriched °Ge Material Supply
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B 200kg 7°Ge (>86%) stored at CJPL, half from Russia and half from China.

B CDEX has the largest amount of 76eO, powder in hand now in the world.

B The mass production power (Hundreds of kg each year) of enriched 7Ge
material has been setup in China and it is a crucial contribution to the

International "°Ge OvBB experiment community.




