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l. Searching OvBp with HPGe detectors
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Motivation from Neutrino Physics

st 2nd 3rd generation Goldstone
standard matter = unstable matter force carriers bosons
[ J [ J 7
» How do neutrinos get their mass? \ .
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Fig from https://davidgalbraith.org/portfolio/ux-standard-model-of-the-standard-model/
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Experimental Search for Ovf33

Search Extremely Rare Signal Requiring Ultra Low Background

Run Big detector for Long time Cut background to “0”
(Toneyr exposure for 1 signal @T=1028 yr) (<0.0027 for 30 discovery sensitivity)
100/ se BG in ROI P(observing =1 BG)
s [|— BoTe 5 99.33%
S gofl—— e
%: Z 1 63.21%
2 60f Bupect 1o have T5igmal 1) 0.1 9.52%
5 a0f 0.01 1.00%
z o 0.0027 0.27% (30)
= b= When BG in ROl <0.0027, Observing
1b N S 1 signal will be a >30 discovery

Exposure of OvBB isotope [ton-years] 6



Experimental Search for Ovf33

Multiple isotopes & Detector choices
Direction of efforts: Ton-scale & BG-free to 1~10 meV sensitivity

Limits by OvBB experiments - Ca Zr
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Advantages of HPGe Technology

Enrichment _l r Exposure BG counts in ROI
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\ Energy
Efficiency Background Resolution

@ High efficiency (¢): Source = detector

@ Industrial enrichment for 76Ge: >86% (A)
® Intrinsic high-purity crystal: ~13N (Low BI)
@ Background rejection: PSD, LAr veto...

® Energy resolution (o) ~0.05% @ 2MeV

HPGe can be free from 2vf33 background!
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ll. CDEX and its OvB studies

The XIX International Conference on Topics in Astroparticle and Underground Physics (TAUP2025)



China Dark matter EXperiment (CDEX)

O Founded in 2009, 10 institutions, more than 100 people now
O Search for Dark Matter and Ge-76 OvB via HPGe detector

M a8 k

L ~ Rl g e S | = ttp://cdex.ep.tsinghua.




China Jinping Underground Laboratory (CJPL)

JinPing Mountain
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CDEX Roadmap

2009-2016

CDEX-1
CDEX-1A
* DM: x-N (SI/SD)
Axion & Axion-like DM
 CDEX first ovBp result

CDEX-1B
DM: x-N (SI1/SD)
DM: x-N (Migdal Effect)
DM: x-N (AM)
Axion & Axion-like DM

2016-2022 2021-
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Ovpp Study in CDEX-1

Pre-study for future large scale OvBp experiment (CDEX-300)
» 2017, First Ovpp result using CDEX-1A data
» 2022, Study Pulse shape discrimination using a BEGe detector
> 2024, Improved Ovfp result using CDEX-1B with PSD & veto

Sci. China PMA. 60, 071011, 2017 PRD 106, 032012, 2022 CPC 48, 101001, 2024
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Simulation toolkit for CDEX: SAGE

Pulse shape simulation for HPGe

/Q =AWP.q= [WP(T;*) - WP(,)]-q
XS B feT WY B=NMUE BFAE BTFEE
B/S discrimination

* Ratio method
+ Machine learning method il REEIIR B R BB D e =2l v
A

v + v
BRT BT R RS
HE & B BRI RS MHES

SAGE

Simulation and Analysis framework for Germanium Experiment

Shockley-Ramo3®if :

[P

Data process

« Event selection
* Energy calibration
« Efficiency correction

Spectra Matching

» Background model
Data process +  Sample spectrum analysis 3 _ mif e EBes WS & SER R EARRLRL & WIS S
for GeTHU 2R o | :
* Energy calibration *ﬁ —3 E
« Spectra analysis . i ?L‘A <1 o -
Other applications "
% 5 1015 20 25 30 35 40 45 3010 200 400 600 800 1000 1200

“u 5 10 15 20 25 30 35 40 45 S

R mm] R [mm] “Time [2 ns]

* MDA analysis

Geant4 simulation SAGE-PSS

« Based on Geant4 * Pulse shape simulation
* Inactive layer model

Particle simulation for HPGe experiment

JP2EnvGeo CDEXShieldGeo CDEXArrayGeo SAGEStandardPhysics
. . . 1. Constructor 1. Constructor 1. Constructor Physical Lists | EM Physics
. Positions o . Positions of [2. Positions of components g )
tical simulation SAGE for CDEX b Positions of et 2 lon Piysis
. Confine method . Confine method . Confine method . Hardron Ayslcs
+ Based on Geant4 *  Build-in geometry ‘f SAGEOnbbPhysics | | | SAGEBackgroundPhysics
* Two bias methods . ; 1. SAGEStandardPhysi L. SAGEStandardPhysics
Containing Extending ©>SAGEDetGeo b m‘;’:c:'t B § Radioactive D“;y Physics
AGE: tryMa: Extending . Tritium Decay Physics
.. 1SGG G:;:'e s ——— [ b Binsing Physics
. . . - Geome
Pulse simulation Mini-SAGE 2. Location of components CDEXPPCGeDetGeo| | CDEXBEGeDetGeo | | || | t_..._..___. S :
. Confine method )
ild-i 1. Constructor 1. Constructor Extending
+ Based on C++ + Buid n GeTHU Geometries - b. Positions of components | [2. Positions of components ;
* One bias method Extending . Confine method. 3. Confine method i
: G4VModularPhysiesList
| G4VUserDetectorConstruction | t
SAGESimM:
G4VUserPrimaeyGeneratorAction
Ex|e;xdmg
Particles Y SAGEDataCollect SAGEDataObject
SAGEUserSrc 1. Output file name [~ Containing™>13 “gro Jovel
R (e ing [2- Output format . Event level
ls‘\ GeEanT4 b Postton
et /A SIMULATION TOOLKIT vV [3- Direction R
. Confi
SAGEGammaSrc &vem— SAGENeutronSrc
Exw'l'dmg SAGERunAction
R O OT J] J7 é Data SAGEEventAction
Data Analysis Framework SAGESFSre SAGEOnbbSre SAGEDecaySrc SAGETrackingAction
1. For U-238 . SAGEanbSrc . Radi SAGEStackingAction
[2. Spontaneous fission 1. Two emitted electrons 2. Excitated isotopes
[neutron . A single primary vertex SAGESteppingAction
. Simultaneity
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lll. Design and status of CDEX-300v

The XIX International Conference on Topics in Astroparticle and Underground Physics (TAUP2025)



Physics Goal of CDEX-300
Search Ge-76 OvBp decay at

OVBB half-life 3.06 % 10?7 yr (exc) Inverted Ordering (10) region
1.91%10%7 yr (dis) 10

18.5 ~ 44.2 meV (exc)

Effective mass

23.4 ~ 55.8 meV (dIS) E ol CDEX-300v
T a T DR R E: - projected sensitivit
DetECtor mass 225 kg g B Nuclear Matrix Element
2 10 ? for Ge-76: 2.66~6.34
Operation time 10 yr E
=
Ge-76 enrichment > 86% £
2 10 °F
- o - o =
Slgnal EffICIency 76/’ Bl Inverted ordering (16/30)
Bl Normal ordering (16/30)
BaCkground IeVEI 1E-4 Cpkky Degenerated (16/30)
——4 | Lol 11l | Lol | Lol
. 10 =2 =3 ) -1 0
Energy resolution 2.5 keV FWHM 10 10 10 10 10
Lightest neutrino mass (miigh) [€V] 16




CDEX-300 Overview

> Hall-C1 at CJPL-II —_————=—————
> LN, tank shared with 1)/ I *;'. bt -
CDEX-50 7§ T m .cmm .

> LAr tube containing
LAr submerged in LN,

> Ge detector array
immersed in LAr

> 200 enriched HPGe
detectors divided into
~19 strings

17



Current Status of Hall-C1

e

Look mto HaII C1




2400 m Rock Shielding against Cosmic-ray

Muon & Muon-induced background is negligible for CDEX-300

4500 4500
T
4000 § J umg Nountain " 4000
-~ [}
£ 35001 G, Z 13500
~— z £
® 3000 2 2400m & 3000 -
E: g =) =
£ 2500 ;; 2500 -
<? 2000 =
27 Jumg Tunnel <
1500 1500
1000 — 1000
500 500
0 1000 2000 3000 4000 5000 6000 == 16000 17000

O Muon flux 3.03x10"1¢cm—2s-1

Muon-induce background - GCDEXE300
O ~1E-7 cpkky @ 2MeV ROI N 1l
O Negligible for CDEX-300 @ [H]@ ‘:’@
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The Large LN Tank

The LN, tank

Neutron Flux [cms]
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> Total volume: 1976 m3
> LN, volume: ®13mxH13m, ~1725 m3

> LN, as Passive Shield / cold source for LAr
> Five top flanges for detector deployment

« Tx@1.5m, centrally (CDEX-300v)

« 4x@750mm, on a 6 m diameter circle

LN, as Effect Shielding against neutron & gamma
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The LAr Veto System

Baseline design:

» ~20t LAr held by Cu / SS cryostat
> LAr constantly purified

> LAr cryostat immersed in LN, ll'liﬂll L
> LAr light read out by WLS Fiber + SiPM ('

SiPM at top ----

BEGe dEteCtOrS ‘~~~ 1 O O O

1:::1:" ::::” I::::i:: = |H2m
WLS Fiber curtain ---- *EE '3;5 EE E.:
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The LAr Veto System

The LAr Purification Cooling system
| [ Gas Ar
» Removing O,, H,O... from GAr (<10 ppb) Heat Exchanger /——\
« Maintaining light yield of LAr ' i
Electrical
« Reducing light absorption in LAr Chtaciaes
» Removing Rn by active carbon (~uBg/m3) L, it
I urity
> Possible underground Argon (Ar-42 depleted) | []M”'t"[j

LAr Cooling o 0le

» Cooling purified GAr to LAr

> Heat exchanger + electrical condenser

yadh

Gas Ar Purifier

» Backup LN, cooling module
22



Prototype LAr system at Xichang ground Lab

Construction finished and started testing in December 2024
@ Stage-1: Operating & Purifying 200 L LAr in a closed cycle

@ Stage-2: Deploying light readout to study light yield / transmission of LAr in different
impurity levels

® Stage-3: Deploying Ge detectors to test veto performance

Duty Cycle

Il Il ] 1 1 1 1
2 4 6 8 10 12 14
Time since (2024-10-15 09:00:00) [hr]

2772mm :I —— TO01 (Cryo) —— TO03 (Gas in) —— T04 (Gas out) — Dewarﬂ

™~

n P S S T S R TS | ' il n il
0 1 2 3 4 5 6
Time since (2024-10-14 16:00:00) [hr]

1100mm



24

Detector string
Total 200 dets.

CDEX-300

Detector module
Directly immersed in LAr
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Ge Detector Array

> 200 Ge-76 enriched detectors: 19 strings, 10~11 det/string
> Top clean room for Ge detector and fiber installation

~Status of the Top Clean Room
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Enriched HPGe detector

Procurement of Enriched Ge detector
(Technical chain established: Ge-76 enrichment > Ge metal > Crystal growth > Detector fabrication)

We have 200 kg
enriched GeO, in hand F

Ge Metal

Detector
Fa brication
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Cosmogenic Background Control

[ J [ J [ J 103 3 .
Cosmogenic isotopes produced during 1 Co%0. - Cosr. - Fes5 - V4o — toa
above-ground fabrication & transportation ]
When detector arrives CJPL: % :
@ 10" 3

+ Ge-68 =17.5 uBg/kg (~100 uBq/kg w.o. control)
« Co0-60 = 0.1 uBg/kg (~10 uBqg/kg w.o. control)
For 87% enrichment HPGe:

O Ge-76 2vfp ~ 70 pBg/kg

Rate

100 4

L I L I A B S
0 400 800 1200 1600 2000 2400 2800

Energy (keV)
va 17 | " | | Transportation | 1.5 ! ! ! ! !
Egﬁ%ﬁg%g{bﬁ ii u— Ge- E Ei i i ! [Detector 1Y ‘ Ni-63 Co-57 Lr nnnnnn i
= = ! —x—Mn-54 —— C0-60 | rensportation !
® - 15 _ i EZSS V-49 i i %
/ Hi ey Hi 8 e S ] g 104 z Lo 3 l 3
/‘—— = 4 BRI S B 1E T * < g ECM nnnnnnnnnnnnnn 3 3
. | N . % 'f;)—) 0.5 icharac(er l 3 ' 3
e ‘ \ gs g { 1 e i
&R EENMNT : CAJ_:_L ) /*
as -
—ELEER : 240 270 300 330 360
/ Time (day)
JINST 19:P03002, 2024



Cosmogenic Background Control

Ge-68 (Ga-68) & Co-60 produce typical Multi-site hits in Ge det.
and can be decimated by PSD as the A/E method

Pulse shape of single-site event (Signal)

Pulse shape of single-site event (BG)

35 1200 35 — 1200
—— Charge (SSE) o Charge (MSE)
% S 800F \% < 800F
E) = B = B
g 2 E 600F 2 B 600f
; 159 10’35 1S4 E = E o E
g g" 400F I £ 5 400f
= T <
= 5 200f A = T op
10’5 0 T T | l T T —> 0 T I | T
5770 15 20 25 30 35 40 45 50 0 100 200 300 400 500 600 20 25 30 35 40 45 50 0 100 200 300 400 500 600
e R [mm] o Time [2 ns] R [mm] Time [2 ns]
> E 10 % : 4
2 g [ Prior to PSD 1 b 1 Prior to PSD E
_ 10 % B Afier AE cut —§ s 10 % B After A/E cut é
Ty L J > 2 E
z) 10 S i 10 = 4
2 10 [ 1E-4 cpkky ] = E
P ™ \H E 210 115:4 cpkky_
=l ] = E|
2 1o | . , . g % ]
I ] 1 W 3
10 = ]
N R P 10 | PN 1 A
1400L - ; i 1.00
i _ 10"
sl C0-60 spectrum (before/after PSD) ' = Ge-68 spectrum (before/after PSD)
< —_—
[4a] 1l - - <) - -
- ~137 times reduction < ool ~33 times reduction
: T T
025 : . [0 AJ/E acceptance region 0.25 i i [: A/E acceptanceregion]}
- oo b e b ey ey iy ]y TR Lol Ly Ty ———— i 1 TN NN TN T T T AN S T T N N IS S Y T R ol P o L ) T T T T T T T T T 0
250 00 750 1000 1250 1500 1750 2000 ) 2500 2750 300010" 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 300010

Energy [keV]

Energy [keV]
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Cosmogenic Background from Ar-42 (K-42) in LAr

CDEX-300 will use atmosphere Ar (Ar-42 ~92 uBg/kg)
Ar-42 (K-42) contributes Surface Background in 2 MeV region

O+

42Ar 33 yr LAr
\42 Qp= 0.6 MeV
2K 12.4 hr HPGe
A
1
\ 0.5%
rre--Y LAr
81.9% | y2+ 1y
| -
: 1
! | 1525 keV
L[ (17.6%) ,
! HPGe s
LA / -~

NN
\®)

()

QO
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Cosmogenic Background from Ar-42 (K-42) in LAr

O Ar-42 (K-42) surface background features a slow pulse shape
O A/E method could reduce BG by ~10 times
O Remaining BG clusters on the surface

2.0 — 1200 10 ,
I @ Crergy deposition ] I - iQﬁ/’
: Inactive Layer 1700 = 5 | . After cut
i 1 1000 F I !
1.5F =600 : :
: . ] 800 107
, 4500 = - —_
T | E -&é i ‘— Charge g
g 1.0r . = £ 600f | ——  Current =
it | 400 &0 o i =
N ‘ 5 g ‘ A/E acceptance 2
= L @]
& l
® o 400
— 300 i 10
0.5F i
I o B
200 200
o I
i [ i
0.0F——————————— o ———— 100 1 A R I AN S .
215 22.0 225 23.0 23.5 4 5 6 7 8 9 101800 1900 2000 2100 2200
R [mm] Time [us] Energy [keV]
Simulated Energy deposition Simulated Pulse shape of Simulated spectra of
of Ar-42 (K-42) Ar-42 (K-42) background Ar-42 (K-42) background
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Background Goal for CDEX-300

Estimation of background in ROl using the SAGE simulation toolkit
After active cuts (LAr veto & PSD), BG @2 MeV ~ 1E-4 cts/(keV+kg-yr)

Gaskets and insulation ‘ ‘ [ Before AC & PSD
‘ [ 1 After AC & PSD

Cosmogenic %8Ge in Det. and 42K (42Ar) in LAr are
two primary BG sources after all cuts
S | ‘ ‘ Further BG reduction may be achieved by:

Holding pillars ‘

Crystal mountings ‘

Silicon plate | » Underground fabrication of Ge crystal and Det.
HV cabling | | > Underground Ar (42Ar depleted)
HV electronics ‘ ‘
Cusignal pin | | . Spectrabeforecuts  Spectra after AC Veto + PSD
Signal cabling ‘ ‘ £ ‘ “oman | % o

Optical fibers and SiPM | ‘ e 7
42K in LAr | | o W

Ge cosmogenic *°Co |

Ge cosmogenic %Ge | ‘ -

Total ‘ | 10°
I O O T O Y YO O O O O N o 1 A A 107

0° 10° 10 10° 10° 10°' 10° 10°

P A 1) IS S S NS ST BT
2500 3000 1000

Background at Qpp [cpkky] : Energy el



Virtual Segments

Virtual Segmentation of single-readout Point-contact HPGe

> Infer single-site events (SSEs) position by Pusle shape analysis
> Potential way to further suppress Ar-42 (K-42) surface background

Eur. Phys. J. C (2024) 84:294
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Other progresses

O Material Background Control

ALL materials to be screened and selected

O Ge detector & FEE

« Mitigation of cosmic activation on the ground
« Low-mass & pure detector structures

« Low background cables or flexible PCB

« CMOS ASIC Front-end Electronics

« Underground fabrication of Ge detectors

O Underground Electro-forming Cu
- U/Th activity <10 pBg/kg

« Free of cosmogenic radioactivity
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Enriched HPGe detector test at CJPL

First 11 enriched HPGe detectors tested at CJPL

(Testing the energy resolution and long-term stability)

> Design an auto LN filling system for the test facility
> Test HPGe detectors in steel vacuum isolators and directly immersed in LN
» The second batch (11 BEGe) has arrived at CJPL, testing is ongoing

5 of the 11 HPGe Single HPGe Detector test facility
at CJPL Test Unit at CJPL-ll C1 Hall
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O CDEX: using Ge detectors search for light DM and Ge-
76 OvBp at CJPL

O CDEX-50 (DM) has started in Hall C1 of CJPL-II
O CDEX-300 (OvpBp) is on the pipe line
O Many key technologies R&D are ongoing
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Research & Development on HPGe detector

Home-made Ge detectors
v' Co-axial/BEGe/PPC/ICPC

v" Cold finger / Naked immersion

R&D on underground fabrication ongoing...

Long-term stability: energy resolution

[ @1332keV
B @ 122keV

500 1000 1500 2000
Time (day)

Cold finger cooling Naked crystal to LN,




Background Suppression of A/E Method

O A/E Cut for Ar-42 surface events:
@ Most Ar-42 backgrounds are surface events and be removed by a low A/E cut
@ When the background is near p+ contact, it can be removed by a high A/E cut

A/E method could suppress Ar-42 background by ~10 times in Qg region
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Simulation of Ar-42 (K-42) events

O Pulse shape simulation for Ar-42 surface events:
Three types of Ar-42 events could be removed by A/E cut:

Charge/Current [arb.]

@ Near p+ contact: High A/E value than normal SSE

@ Surface events: slow pulse and incomplete charge collection (lower A/E)

@ Multi-site events: a mixture of surface and surface/bulk hit position (lower A/E)

2000
1750 F
1500F Near p+ contact
1250
C —— Charge pulse (PSS)
1000 Current (PSS)
; AJE acceptance
750
500
250F
0_‘..‘%‘1...‘1....1.‘..
400 500 600 700 800 900

Time [10ns]

Charge/Current [arb. ]

1000
7501

500

Surface event

—— Charge pulse (PSS)
Current (PSS)
A/E acceptance

250

400

N
500

PR
600

T A N
700 800

Time [10ns]

900

2000
1750 F

1500 F

—

[\

W

(e
T

MSE
(surface+bulk)

—— Charge pulse (PSS)

Current (PSS)
A/E acceptance

Charge/Current [arb.]

Ps Hit at bulk

/ Hit at surface
N

P
500

I T T T T T ST R EN T R
600 700 800

Time [10ns]

7900

40



Background Suppression of Virtue Segments

O Surface background from Ar-42

Assess PSD background suppression power by Geant4 + Pulse Shape Simulation

PSD Method Prior to PSD A/E Cut Outer Layer Inner Layer
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Improve 0OvBB Sensitivity by Virtual Segmentation

O Joint Analysis of Inner/Outer Layer Data

> Inner Layer has a lower Background while the Outer Layer shares ~1/2 sensitive mass
Combine Inner/Outer Layer data to achieve better sensitivity

45
B Inactive layer

Joint Analysis :
40 F
Likely hood Function for counts in Ovp ROI: 5
35+

L(NOV) = POiSSOﬂ(CllBl +S- fl . Sl)XPOiSSOH(CleZ +S- fz . 82) 305 (29:3.31.0)
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Improve 0vB Sensitivity by Virtual Segmentation

Discovery Sensitivity |

P(SOV X | Bl’ B2, SOV == 0) 9973%
P(SOV > X | BI’BZ’SOV = Sdis) = 50%

Exclusion Sensitivity |

P(SOV X | BI’BZ’ SOV = O) > 50%
P(SOV X | BI’BZ’ SOV - Sexc) > 90%

Joint analysis gives a better
sensitivity for a lower inner
layer background

Limit on OvPp signal

o0

12

| Discovery sensitivity (Merge Data)
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Improve 0vB Sensitivity by Virtual Segmentation

O Apply Method on Ar-42 Background in CDEX-300:

PSD cuts Before cut A/E Cut Outer layer Inner layer

BI/10-* cpkky 16.810.89 1.61X0.11 2.10X0.15 1.05X0.09
10.7 1.03 0.71 0.32
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Improve 0vB Sensitivity by Virtual Segmentation

O Apply Method on Ar-42 Background in CDEX-300: Signal efficiency

ST (B Sensitive Ovpp Signal Loss Ovpp Signal
Volume Energy Loss Low A/E cut High A/E cut Efficiency
Before cut 100.0% 16.6% / / 85.4%
A/E cut 100.0% 16.6% 10.67% 0.53% 72.2%
Inner layer 47.2% 8.9% 16.50% 1.20% 73.4%
Outer layer 22.8% 6.00% 0.00% 71.2%

Events in Signal Region
%0 energy in (Qgg+30)

>
()
Events in ROI
High A/E events in ROI [arb.]

Events rejected by
High A/E cut

R [mm]
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Improve 0OvBB Sensitivity by Virtual Segmentation

O Apply Method on Ar-42 Background in CDEX-300:

Sensitive  Ovpp Signal Sensitivity Sensitivity
PSD Cut Volume Efficiency Background (Exclusion) (Discovery)
Before cut 100.0% 85.4% 10.7 6.91 12.84
A/E cut 100.0% 72.2% 1.03 3.97 6.44
Inner layer 47.2% 73.4% 0.32 5.74 9.69
Outer layer 52.8% 71.2% 0.71 8.46 10.54

Joint analysis 100% / / 3.26 5.40
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