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无中微子双贝塔衰变（NLDBD）

• 无中微子双贝塔衰变 ⇆ 马约拉纳中微子

• 轻子数不守恒

• 测量中微子有效质量（Majorana Effective Mass）
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中微子有效质量
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极低信号数量

• 超长半衰期 𝑇!" ，极低信号量：

𝑆 = ln 2
𝑀 ) 𝑁# ) 𝑎 ) 𝜀

𝑊
𝑡
𝑇!"

• 现有实验半衰期限制为1026年以上

• 100kg 级 90% 富集136Xe探测器，每

年少于3个信号

• 下一代实验目标灵敏度为1027到

1028年

M 总质量 ε 探测效率

NA 6.02×10$% W 摩尔质量

𝑎 丰度 t 探测时间

每吨年< 1个信号
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如何鉴别NLDBD信号？

Sum of two electrons energy

2νββ

0νββ

•测量双电子的能量
•测量双电子的径迹
•鉴别衰变子核
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Simulated track of 0νββ in high pressure Xe

T-REX: arXiv:1512.07926
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实验挑战：极限要求下的探测器技术
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实验挑战：极限要求下的探测器技术

•极低本底 •高性能（效率、分辨率）
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This result coincides with the sensitivity (median expectation under the no signal hypothesis).
An unprecedented background index of B = 5.2+1.6

�1.3 ·10�4 counts/(keV kg yr) is obtained. With
the assumption of a constant prior distribution between 0 and 10�24 1/yr, the Bayesian analysis
yields T1/2 > 1.4 · 1026 yr (90% C.I.). An upper limit on the e↵ective neutrino Majorana mass
is obtained to m�� < 79-180 meV [22].

Figure 3: Final Spectrum after unbinding. Inset: Zoom into the 0⌫�� decay analysis window.

5. Physics Beyond Neutrinoless Double-Beta Decay
The extremely low background of Gerda enables the search for rare events beyond neutrinoless
double-beta decay. One example is the search for superweakly interacting massive particles
(super-WIMPs). Super-WIMPs are a type of dark matter with a mass range on the keV scale
and ultraweak coupling to the standard model. They can be cosmologically viable and produce
the required relic abundance [23, 24]. In Gerda, it is possible to search for pseudoscalar and
vector super-WIMPs. Their energy is transferred to an electron that emits its energy in the
germanium detector, where a full absorption peak in the energy spectrum corresponding to the
mass of the particle is expected (the kinetic energy is negligible). In Gerda, an exposure of 58.9
kg/yr was used to search for super-WIMPs (mass range 200 - 1000 keV/c2). A lowering of the
germanium detector threshold in October 2017 allowed additional searches for super-WIMPs
with masses from 60 to 200 keV/c2 in an exposure of 14.6 ky yr. Figure 4 shows the limits
that Gerda can set on the coupling strengths for super-WIMPs compared to other experiments
[25]. Another example is the ongoing search for physics beyond the standard model in the 2⌫��
spectrum, which is almost free of background distortions in Gerda. This is of vital importance
since new physics in the 2⌫�� spectrum would a↵ect its shape [26, 27]. Figure 5 shows how
possible Majoron emission, Lorentz violation, and sterile neutrino emission would a↵ect the
shape of the 2⌫�� spectrum.

6. Conclusion
Due to the extremely low background (B = 5.2+1.6

�1.3 · 10�4 counts/(keV kg yr)), Gerda was able
to achieve a half-life limit of the 0⌫�� decay in 76Ge of T1/2 > 1.8 · 1026 yr at 90% C.L.. While
the Gerda infrastructure has now been handed over to the LEGEND collaboration, the Gerda
data will be used to search for physics beyond the 0⌫�� decay. Limits on the coupling strengths
of super-WIMPs have already been determined. In the meantime, other studies such as searches
for exotic physics (Majoron emission, Lorentz violation, and sterile neutrino emission) in the
2⌫�� spectrum are underway.

GERDA
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实验挑战：本底控制

• 宇宙射线：
• 地下开展实验

• 宇生放射性
• 地下存储，地下加工，等

• 地下实验室本底
• 额外屏蔽体

• 探测器材料天然放射性
• 天然放射性 1-100 Bq/kg

• 实验要求至少1 mBq/kg

NS67CH10-Yue-Zeng-Wong ARI 18 September 2017 7:49
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Figure 2
The measured residual muon fluxes in key underground facilities, which are consistent with predicted values
( gray line). The sizes of the circles correspond to laboratory space by volume; red or blue denotes access by
road tunnels or shafts, respectively.

The facility is the deepest operating underground laboratory in the world. The measured fluxes
of residual cosmic-ray muons (12) at CJPL-I, and a comparison with various active underground
laboratories, are displayed in Figure 2. We note for completeness that early cosmic-ray mea-
surements were performed at the Kolar Gold Fields in India, at locations with 2,760 m of rock
overburden (13).

International access to CJPL is by regular flights from various hub cities in China to Xichang
Domestic Airport. The laboratory is located 90 km from the airport and is reachable by both
highways and paved two-lane private roads shared with Yalong River Hydropower Development
Company; the driving time is approximately 2 hours. A guest house, dormitory accommodation,
canteens, and office space are available near the west entrance of the tunnel.

The bedrock surrounding CJPL is made of marble, with relatively low radioactivity from the
contamination of 232Th and 238U isotopes (measurements of these isotopes and other background
characterizations are discussed in Section 5). The laboratory space is shielded from the bare rock
by a 0.5-m-thick layer of concrete. Ventilation is provided by a 10-km-long, 55-cm-diameter
pipeline that brings in fresh air from the west entrance of the tunnel at an air-exchange rate of
4,500 m3 h−1, allowing the radon level to be kept below 20 Bq m−3.

The laboratory is connected by internet cables at a bandwidth of 10 GHz. The storage capacity
of the computer servers, located in an exterior office, is up to 300 TB, with a transfer capacity of
10 GHz from the experiments. The laboratory is equipped with surveillance CCD cameras and
audiovisual alarm systems, and ambient conditions including temperature, pressure, humidity,
and air composition are continually recorded. All recording devices are accessible from and can
be monitored at remote sites.

234 Cheng et al.

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt.

 S
ci

. 2
01

7.
67

:2
31

-2
51

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 S
ha

ng
ha

i J
ia

ot
on

g 
U

ni
ve

rs
ity

 o
n 

01
/1

9/
18

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 

Annu. Rev. Nucl. Part. Sci. 67, 231 (2017)
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Muon-induced 环境本底

• 抑制Muon-induced 本底：更深的实验室或者更强力的主动屏蔽体（大型探测器）

Majorana Demonstrator (1109.4154)

3/4/22 韩柯，上海交通大学 10



Muon-induced 探测器本底

• Muon激活探测器材料

带来不可避免的本底

• DARWIN@LNGS：
137Xe beta能谱为136Xe

0νββ ROI主要本底

• 相应本底在锦屏低100

倍，优势明显

8

Background source Background index Rate Rel. uncertainty
[events/(t·yr·keV )] [events/yr]

External sources (5 t FV):
214Bi peaks + continuum 1.36⇥ 10�3 0.313 ±3.6%
208Tl continuum 6.20⇥ 10�4 0.143 ±4.9%
44Sc continuum 4.64⇥ 10�6 0.001 ±15.8%

Intrinsic contributions:
8B (⌫ � e scattering) 2.36⇥ 10�4 0.054 +13.9%,�32.2%
137Xe (µ-induced n-capture) 1.42⇥ 10�3 0.327 ±12.0%
136Xe 2⌫�� 5.78⇥ 10�6 0.001 +17.0%,�15.2%
222Rn in LXe (0.1µBq/kg) 3.09⇥ 10�4 0.071 ±1.6%

Total: 3.96⇥ 10�3 0.910 +4.7%,�5.0%

Table 3: Expected background index averaged in the 0⌫��-ROI of [2435 - 2481] keV,
corresponding event rate in the 5 t FV and relative uncertainty by origin.

Fig. 6: Predicted background spectrum around the
0⌫��-ROI for the 5 t fiducial volume. A hypothetical
signal of 0.5 counts per year corresponding to T 0⌫

1/2 ⇡

2⇥ 1027 yr is shown for comparison. Bands indicate
±1� uncertainties.

6 Sensitivity Calculation

We use the background rates predicted in Sect. 5.3 to
derive a limit on the half-life sensitivity at 90% confi-
dence level (C.L.) as well as the 3� discovery potential
for the 0⌫��-decay. The latter is defined as the mini-
mal value of T 0⌫

1/2 required to exclude the null hypothesis
with a median significance of 99.7% C.L.

6.1 Half-life sensitivity estimation

Based on the figure-of-merit estimator proposed in [31]
we calculate the half-life sensitivity at 90% C.L. as:

T 0⌫
1/2 = ln 2

✏ fROI ↵NA

1.64MXe

p
Mt

p
B�E

, (3)

with ✏ = 0.9 being the detection e�ciency of a single
site 0⌫��-decay event, fROI = 0.76 the fraction of signal
covered by the ROI, ↵ = 0.089 the abundance of 136Xe
in natural xenon, NA the Avogadro number in mol�1,
MXe the molar mass number of xenon in t/mol, M the
fiducial mass in tons, t the exposure time in years, B
the background index in t�1yr�1keV�1, and �E the
width of the ROI in keV. The value 1.64 is the number
of standard deviations corresponding to a 90% C.L.

Following Eq. (3) and using the background index
for the 5 t fiducial mass (Table 3), we obtain a half-life
sensitivity of 2.0⇥ 1027 yr (1.3⇥ 1027 yr) after 10 (4)
years of exposure.

This figure-of-merit estimation is an established tool
to directly compare 0⌫�� sensitivities of di↵erent ex-
periments using common statistical methods and as-
sumptions. It also allows for a straightforward assess-
ment of the sensitivity as a function of di↵erent param-
eters, such as the fiducial mass. It does not, however,
consider background uncertainties, but assumes perfect
knowledge of the background rates.

6.2 Frequentist profile-likelihood analysis

To account for and e↵ectively constrain the background
uncertainties, we apply a profile-likelihood analysis
based on the background model discussed in Sect. 5.2.
The inserted signal is a Gaussian peak with Q�� and
�E(Q��) according to Eq. (2), which is scaled by the
136Xe atoms in the target volume, an activity corre-
sponding to T 0⌫

1/2 and the detection e�ciency, as shown
in Fig. 6.

Background uncertainties from the model are
treated as nuisance parameters with Gaussian con-
straining terms in the likelihood. For external back-
ground contributions, their variances are obtained ei-
ther by the model fit on the spectrum corresponding

Eur. Phys. J. C 80, 808 (2020) 
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探测器本底占据主导

• 10-4 – 10-5 c/keV/kg/y è 每吨年，10 keV区间内 0.1 到 1 个本底事件

• 主要来自于探测器、屏蔽体材料Universe 2021, 7, 386 17 of 20
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Figure 13. Background index estimated for the significant backgrounds expected for LEGEND-1000.
Bands indicate 1-s uncertainties (or 90% C.L. upper limits) due to the assay and simulation estimation
of background-rejecting analysis cuts. For details of the calculation of these estimates, see [24].

! larger detectors ꔄ less cables and holders
! new cables & ASIC read-out 
! increased detector spacing

! underground Ar

! larger detectors ꔄ larger surface-to-volume ratio
! only 210Pb supported term

! 68Ge decays away, 2 yr less cool down than in GERDA

! Factor 6 reduction, driven by underground Ar

Background reduction due to:

10�4 10�3 10�2

hQi�H

*QbKQ;2MB+

am`7�+2 ↵

42E BM G�`

238l

232h?

+ib f UF2o F; v`V
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:1_.�- "1:2 /�i�b2i- UC>1S yj- kyky- RjNV

Figure 14. The expected background index associated with each of the dominant sources, before ap-
plying analysis cuts, projected for LEGEND-1000 (blue) and measured in GERDA (red). It illustrates
the reduction power coming from a careful detector design and choice of materials. For details of the
calculation of these estimates, see [24].

As said, a particles are able to propagate into the diode through the thin p+ surface and
passivated insulating grooves. The estimation of their contributed rate is hard to perform
a priori, and the projections were taken from the experience accumulated in previous
experiments. However, the PSD is very effective in rejecting them based on the principles
introduced in Section 3.3.1. The survival probability after the PSD, as demonstrated by
GERDA, is of about 10�3 (implied in Figure 14).

Assuming an FWHM energy resolution of 2.5 keV, the lower limit and 3-s sensitivity
to the 0n2b half-life of 76Ge are shown in Figure 15.

Background in CUPID

17

Background goal: 10-4 ckky

CUPID will reduce backgrounds primarily by

‣ Eliminating surface α’s with PID

‣ Reducing β/γ continuum backgrounds by moving the ROI from 2.5 MeV to 3 
MeV (~10x), lower cross section and delayed coincidence (bkgd from 214Bi/
208Tl β continuum from contaminations in crystal bulk and on nearby surfaces)

‣ Eliminating muons with a muon tagger

CUORE BI 
(at 2527 keV)

CUORE BI  
(at 3034 keV) Mitigation

CUPID BI 
Goal  

(at 3034 keV)
ckky ckky ckky

Surface 
α’s 1.4×10-2 1.4×10-2

Particle 
Identificatio

n
Negligible

Compto
n γ’s 10-3 10-4

Moving the 
ROI

5×10-5
Delayed 

Coincidence

Muons 10-4 10-4 Muon Veto 
Panels

<10-6

Pileup Negligible Negligible LD Timing 
Resolution 5×10-5

Topics in Astroparticle and Underground Physics, 2021Jonathan Ouellet (MIT)

CUPID Experiment

Backgrounds In CUPID

▸ CUPID background model is data driven 
▸ All CUPID components have been directly measured in CUORE, 

CUPID-0, or CUPID-Mo 

▸ CUPID Background Goal: 10-4 cnts/(keV∙kg∙yr) 
▸ Not quite background free: ~2 cnts in the ROI over 10 year 

exposure 

▸ Primary backgrounds 
▸ 50% 2νββ decay pileup 

▸ 40% surface backgrounds (β/γ’s) from nearby parts 

▸ 10% β/γ’s from cryostat shields 

▸ <1% Muons

13

6−10 5−10 4−10
BI [counts/keV/kg/yr]

 pileupββν2

Crystals U+Th

Holders

Shields

Muons

Total

2940 2960 2980 3000 3020 3040 3060 3080 3100
Energy [keV]

5−10

4−10

3−10

ct
s/

ke
V/

ky
/y

r Background model
ββν2

pileup
U238Crystal 
Th232Crystal 

K40Crystal 
Cryostat
Copper frames

CUPID Background Model

CUPID PRELIMINARY

CUPID PRELIMINARY

LEGEND-1000预期本底
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主流探测器技术 Giuliani, TAUP 2021

GERDA
Majorana
COBRA
PandaX
CDEX

EXO/nEXO
NEXT
SuperNEMO

KamLAND-Zen
SNO+
CANDLES

AMoRE
CUPID

CUORE

电离信号 光子

声子
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实验分布

Canfranc
NEXT

Modane
SuperNEMO

LNGS
CUORE
CUPID
LEGEND

CJPL
PandaX, CDEX
CUPID-CJPL, NνDEx

Y2L
AMoRE

Kamioka
KamLAND-Zen
CANDLES

SURF
Majorana

WIPP
EXO-200

SNOLAB
SNO+

Major players
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美洲、欧洲协同规划

前期研发 2021年7月 2021年10月

美国 DOE Portfolio Review
CUPID，LEGEND，nEXO

2021年末 2022/2023

美国 DOE Portfolio Review
预期给出结果

欧洲、美国、加拿大 基金管理部门共同
召开研讨会，协商下一步无双实验发展

美国吨级实验预期开展建设

https://agenda.infn.it/e/double-beta-2021
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国际4大合作组

CUORE/CUPID

低温晶体量热器

KamLAND-ZEN系列

液体闪烁体

LEGEND系列

高纯锗

EXO/nEXO

液体氙TPC
3/4/22 韩柯，上海交通大学 16



锦屏地下实验室 CJPL

2430m

8750m

• 2400米岩石埋深，等效水屏蔽约6800米

• < 0.2 muons/m2/day

• 水平隧道开车进出

• 国家重大科技基础设施 ——“极深地下极低
辐射本底前沿物理实验设施”

3/4/22 韩柯，上海交通大学 17



PandaX-III: 高压气体氙TPC 研发

• 高压(10bar)气体TPC 包含140公斤富集136Xe

• 微结构气体探测器Micromegas作为读出平面：毫米量级的径迹重建能力

• 突出特点: 通过气体TPC独有的径迹识别来有效地去除本底

• 三年数据的预期灵敏度: 9×1025 yr (90% CL)

3/4/22 韩柯，上海交通大学 18



PandaX-III: 高压气体氙TPC 研发

• 600 升原型探测器成功运行 (JINST 13, P06012, 2018)

• 主探测器核心部件完成预研、加工，近期开始组装

• 2 m2读出平面，52块Micromegas （科大）

• 6656 通道高密度、低本底电子学读出 （科大）

• 4 m3容积低本底不锈钢罐体

Micromegas 以及
读出平面设计

低本底电子学 探测器压力容器及工装结构原型探测器
3/4/22 韩柯，上海交通大学 19



PandaX-4T投入运行；发表约100天试运行数据

3/4/22 韩柯，上海交通大学 20



PandaX-4T 试运行数据高能初步结果

• 能量分辨率较PandaX-II 大大提高，2.6 MeV 区间标定能谱分辨率达到 1.5% (σ/E)

• 初步分析表明高能能谱中，2νββ 开始占据主导地位

• 近期开展 136Xe， 134Xe 2νββ 能谱拟合工作，测量 2νββ 半衰期（上限）、以及 124Xe 双电子俘获相
关物理分析

• 半衰期灵敏度达到 EXO-200水平 （1025 yr）
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预期锦屏实验

CUPID-China

低温晶体量热器

PandaX

氙TPC

CDEX

高纯锗

NνDEx

高压气体离子TPC
3/4/22 韩柯，上海交通大学 22



无中微子双贝塔衰变探测器技术的外溢

• 低本底技术：
• DBD探测器本身是最灵敏的本底测量仪器

• 平衡实用性和性价比

• 探测器技术：
• 高能量分辨率、低阈值

• 高探测效率

• 径迹特性

• （低本底）

3/4/22 韩柯，上海交通大学 23



材料表面放射性问题

• 放射性洁净度要求=块材洁净+表面洁净
• 零件机械加工、组装调试、氡气及其子核à表面
二次污染

• 表面污染引入本底

PandaX-4T中，氡气
贡献电子反冲本底约
23%

氡气主要来源于探测
器和相关管路材料表
面的释气。

3/4/22 韩柯，上海交通大学 24



商业解决方案

XIA Ultra-lo 1800：

主要针对半导体硅片测量；1800 cm2 ；

10-4 c/cm2/hr ，满足硅片5α每天的要求

Canberra LB4200：

最大5寸硅片

约10-2c/cm2/hr
3/4/22 韩柯，上海交通大学 25



国际研究现状

BetaCage：CDMS实验组提出的
低本底MWPC设计，未能实现

Arxiv:1702.07176

BiPo-3：SuperNEMO实验组设计建造PMT
阵列，测量Bi-Po偶合

3/4/22 韩柯，上海交通大学 26
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时间投影室技术：能量+径迹

• 利用气体探测器的能量+径迹特性测量样品表面污染
• 粒子鉴别去除本底，径迹定位筛选信号来源

• 大幅面(2400cm2)、高灵敏度、高效率

• 目标测量灵敏度为 4×10-5 c/cm2/hr α
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多轮原型探测器迭代（单块 Micromegas ）

亚克力+铜条场笼
@圆桶腔体

场笼 +适配铝合金腔体 柔性PCB场笼 +适配亚
克力腔体

3/4/22 韩柯，上海交通大学 28



无中微子双贝塔衰变探测器技术的外溢

• 低本底技术：
• DBD探测器本身是最灵敏的本底测量仪器

• 平衡实用性和性价比

• 探测器技术：
• 高能量分辨率、低阈值

• 高探测效率

• 径迹特性

• （低本底）

3/4/22 韩柯，上海交通大学 29



测量稀有核衰变分支比

• 40K电子俘获到40Ar基态是核物理中非常重要的衰变过程，但尚未实验观测到

• 40K EC 是唯一一个三阶禁闭的EC过程 (∆I = 4, ∆𝝅 = yes)

• 40K 是NaI 暗物质探测器中重要本底

• 由于高阶禁闭效应，其理论预期分支比0.2%误差约100%

ANAIS Eur. Phys. J. C (2016) 76:429 
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测量稀有核衰变分支比

• 异步测量40K 衰变的伽马与X-ray/Auger

• 低温量热器（CUORE）测量 X-ray/Auger

• 液氙探测器（PandaX）测量伽马

• 对比得出EC到基态分支比精确测量

X-ray

Thermal 
Sensor!

Absorber!

Th
er

m
al

 B
at

h !

L!

Energy 
Release!

1461 keV 𝛾 events: 
0.2% deposit energy 
in KCL; <0.1% escape 
LXe
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基于TES的X-ray 量热器（上科大，张硕）

• 低阈值，高能量分辨率

• 测量 3.2 keV X-ray/Auger 的理想探测器：
• 全吸收（99.8% ， 1g KCl 晶体）

• 不区分X-ray/Auger

9

Fig. 8. The fabrication process of the TES �-ray sensor: firstly prepare a TES sensor array, next put a very small amount of epoxy resin on
the TES sensor, then the pre-processed lead-tin alloy balls are bonded by the robotic arm.

Fig. 9. Absorption efficiency curves at different distances from the ball axis, the diameter of the ball is 0.6 mm, and the material is lead-tin
alloy.

C. Linear Intervals and Saturation Energy491

241Am decays to Np after the emitting an ↵, a ↵ particle492

with an energy of about 5 MeV will be emitted, and a �-ray493

with an energy of 59.5 keV will be emitted with a certain494

11

Fig. 11. There is a certain deviation in the fitting of the quadratic function, the fitting effect of the quadratic function is excellent, and the
linear coefficient reaches 1.

Fig. 12. The measured energy spectrum of Am241 can see spectral lines of K↵ of copper, L↵1&L�1 of NP, K↵1&K↵2&K� of silver and
26.3 keV&59.5 keV nuclear transition lines of 241

Am.

meet the needs. Using this detector, the composition analysis560

of complex samples and the impurity analysis of high-purity561

samples have been carried out. On this basis, the R&D team562

prepared a TES �-ray detector for the energy band below 200563

keV. After preliminary analysis and testing, the detector still564

has a quantum efficiency of 70% near 100 keV, and has a s-565

ingle pixel count of 10 CPS. It is in the linear working region566

below 220 keV and has an energy resolution of 161.5 eV at567

59.5 keV. However, at lower energies, such as 13.9 keV and568

17.7 keV, the detector achieved energy resolutions of 71.6 eV569

and 69.1 eV. This resolution is two to three times higher than570

existing silicon drift detectors and HPGe detectors, and in the571

foreseeable future, higher energy resolution can be achieved572

with process optimization and more detailed signal analysis.573

Although the energy resolution of this detector exceeds that574

of existing silicon drift detectors and HPGe detectors, its low575

count rate makes it unsuitable to replace these two detectors576

for general-purpose measurements. However, the detector’s577
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无中微子双贝塔衰变探测器技术的外溢

• 低本底技术：
• DBD探测器本身是最灵敏的本底测量仪器

• 平衡实用性和性价比

• 探测器技术：
• 高能量分辨率、低阈值

• 高探测效率

• 径迹特性

• （低本底）
中子发生器

屏蔽体

低气压气体探测器

Micromegas
读出模块

示意信号径迹
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Migdal效应

• Migdal效应：电子分担核的能量，且运动方向不同，被甩出来
的过程

• 已在核衰变过程中观测到

• 暗物质粒子碰撞核，引起核反冲，有可能带来Migdal效应

• 应用Migdal效应，提高传统暗物质探测器在低能区的灵敏度

 

Directly Detecting Sub-GeV Dark Matter with Electrons from Nuclear Scattering
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Dark matter (DM) particles with mass in the sub-GeV range are an attractive alternative to heavier
weakly interacting massive particles, but direct detection of such light particles is challenging. If, however,
DM-nucleus scattering leads to ionization of the recoiling atom, the resulting electron may be detected even
if the nuclear recoil is unobservable. We demonstrate that including this effect significantly enhances direct
detection sensitivity to sub-GeV DM. Existing experiments set world-leading limits, and future experi-
ments may probe the cross sections relevant for thermal freeze-out.
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Introduction.—Despite spectacular improvements in sen-
sitivity over recent years, dark matter (DM) direct detection
experiments have so far failed toobserve conclusive evidence
of a DM signal. While this may be interpreted as a failure
of the paradigm of weakly interacting massive particles
(WIMPs) [1–3], an alternative explanation is thatWIMPs are
lighter than usually assumed and that the energy they can
deposit in a detector is below current experimental thresholds
(see [4] for a recent review). This consideration has led to
increasing interest in experiments with lower thresholds
for nuclear recoils, such as CRESST [5–8], DAMIC [9],
EDELWEISS [10], NEWS-G [11], or SuperCDMS [12], in
experiments sensitive for electron recoils [13–16], or indeed
in the development of completely novel types of detectors
[17–33].
Direct detection experiments basedon liquidxenon, on the

other hand, are usually believed to be insensitive to nuclear
recoils with sub-keVenergy, corresponding to sub-GeV DM
particles. This conclusion is based on the implicit assumption
that the electron cloud of the recoiling atom instantly follows
the nucleus, so that ionizations and excitations are only
produced subsequently, as the recoiling atom collides with
surrounding xenon atoms. The resulting primary scintillation
(S1) signal is then too small to be observable.
From neutron-nucleus scattering experiments, it is,

however, known that the sudden acceleration of a nucleus
after a collision leads to excitations and ionization of
atomic electrons (see, e.g., [34–38]). This effect, illustrated
in Fig. 1, can lead to energetic γ rays and ionization electrons

beingproduced from theprimary interaction. TheS1 signal is
thenmuch larger and the sensitivity of liquid xenon detectors
is significantly enhanced. The case of γ-ray emission was
investigated in detail in [39]. Reference [40] furthermore
showed that liquid xenon detectors such as LUX [41],
XENON1T [42], or PandaX [43] can distinguish such events
from electron recoils, which constitute themain background.
Recently, Ref. [44] pointed out that the probability to

ionize a recoiling atom is in fact substantially larger than
the probability to obtain a γ ray. This effect has been named
the “Migdal effect” in the DM literature [45–47], as the
calculation makes use of the Migdal approximation [48]
that the electron cloud of the atom does not change during
the nuclear recoil induced by the DM interaction (see
Fig. 1). In the frame of the nucleus, this results in a
simultaneous boost for all electrons, which can lead to
excitation or ionization of electrons.
In this Letter, we further explore the formalism developed

in [44] and apply it to the case of liquid xenon detectors.
We find that the sensitivity of this type of experiment in the
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e- N

DM

e- N

DM

FIG. 1. Illustration of electron emission from nuclear recoils.
If a DM particle scatters off a nucleus (left), we can assume
that immediately after the collision the nucleus moves relative
to the surrounding electron cloud (middle). The electrons
eventually catch up with the nucleus, but individual electrons
may be left behind and are emitted, leading to ionization of the
recoiling atom (right).

Published by the American Physical Society under the terms of
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the author(s) and the published article’s title, journal citation,
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Using Fig. 1(a) as illustration, the expected rates in
complete energy range for χ-N elastic SI-scattering and
Migdal effects at mχ ¼ 1 GeV=c2 are in ratio of about
4 × 104∶1 (only the ionization of L and M shell electrons is
considered here). However, at a threshold of 160 eVee
where the χ-N elastic scatterings are no longer observable,

the Migdal effect can still produce signals above threshold
and therefore open the sensitivity windows to lower mχ.
Data used for the TI analysis are from March 2014 to

July 2017, with a total exposure of 737.1 kg day [11]. The
dead time ratio of the data acquisition (DAQ) system was
less than 0.1% and remained stable. Energy calibration is
performed with internal x-ray peaks and test pulser mea-
surements and was linear with a deviation less than 0.4%.
The candidate χ-N events were selected by a series of data
analysis criteria. The time coincidence of events in NaI(Tl)
detector and Ge detector is used to veto the gamma-ray
background events. Physical events were selected out from
noise events with a combined efficiency of 17% at the
analysis threshold of 160 eVee [11]. Surface events were
rejected and bulk events were selected based the rise time of
the signal pulses. The residual energy spectrum is shown in
Fig. 1(b).
Upper limits at 90% confidence level (C.L.) in σSIχN are

derived by Binned Poisson method [31]. The constraint
results at mχ¼1GeV=c2 and mχ ¼ 50 MeV=c2 are shown
in Fig. 1(b) by dash and dash-dotted lines. The exclusion
curve is shown in Fig. 2, in which several other experiments
are superimposed for reference. New limits are achieved for
mχ < 180 MeV=c2, and the lower reach of mχ is extended
to 50 MeV=c2.
Annual modulation (AM) analysis.—Positive observa-

tions of AM would provide smoking-gun signatures for
WIMPs independent of the astrophysics and background
models. Compared to TI analysis, the AM effects are
enhanced at low WIMP mass, related to the specific shape
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FIG. 1. (a) Expected measureable spectra of the χ-N elastic SI-
scattering (gray dash line), χ-N inelastic SI-scattering due to
Migdal effect with N shell (n ¼ 4) electron, M shell (n ¼ 3)
electron and L shell (n ¼ 2) electron ionized (blue, red and cyan
regions, respectively), and the Migdal signal used in this analysis
(ðn ¼ 2Þ þ ðn ¼ 3Þ, black soild line). The target nucleus is Ge,
the mass of WIMPs is set to 1 GeV=c2, and σSIχN is set to
10−36 cm2. The analysis energy threshold is marked by the black
dash-dotted line. Energy resolution is not taken into account in
this plot. (b) The measured spectrum for TI analysis (black point)
[11], with L/M-shell x-ray contributions from the cosmogenic
nuclides in the germanium crystal subtracted. The bin width is
50 eVee, and the energy range is 0.16–2.16 keVee. The blue dash-
dotted line and red dash line are the expected χ-N spectra due to
Migdal effect at mχ equal to 50 MeV=c2 and 1.0 GeV=c2, at
cross section corresponding to the upper limit at 90% confidence
level, derived by binned poisson method.
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FIG. 2. Upper limits at 90% C.L. on σSIχN derived by Binned
Poisson method in TI analysis using the CDEX-1B experiment
data, with several benchmark experiments [5,6,11–13,32–35]
superimposed. Limits from nuclear recoil-only analysis with the
same data set is shown (black dash line) as comparison. This
analysis incorporating Migdal effect (red solid line) provides the
best sensitivities for mχ ∼ 50–180 MeV=c2, significantly ex-
panding the excluded parameter space over earlier work (other
solid lines).
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测量核反冲Migdal效应

• Migdal效应后的 X-ray/Auger 电子

• 直接测量核反冲+Migdal电子的径迹：

中子发生器

屏蔽体

低气压气体探测器

Micromegas
读出模块

示意信号径迹
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信号与本底

• 分叉的径迹；能量沉积密度完全不同

• 信号数量预估（10 mHz）：

• 10-5概率发生可记录的Migdal效应

• 强流DT 中子发生器 108 流强，103 发生核反冲

• 本底：

• 普通核反冲

• (n, 𝛾) 反应带来的𝛾，部分能量沉积到TPC
模拟数据：0.1 Bar CF4; 470 keV NR; 5 keV Migdal 电子
中子源离探测器15 cm
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Dark matter (DM) particles with mass in the sub-GeV range are an attractive alternative to heavier
weakly interacting massive particles, but direct detection of such light particles is challenging. If, however,
DM-nucleus scattering leads to ionization of the recoiling atom, the resulting electron may be detected even
if the nuclear recoil is unobservable. We demonstrate that including this effect significantly enhances direct
detection sensitivity to sub-GeV DM. Existing experiments set world-leading limits, and future experi-
ments may probe the cross sections relevant for thermal freeze-out.
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Introduction.—Despite spectacular improvements in sen-
sitivity over recent years, dark matter (DM) direct detection
experiments have so far failed toobserve conclusive evidence
of a DM signal. While this may be interpreted as a failure
of the paradigm of weakly interacting massive particles
(WIMPs) [1–3], an alternative explanation is thatWIMPs are
lighter than usually assumed and that the energy they can
deposit in a detector is below current experimental thresholds
(see [4] for a recent review). This consideration has led to
increasing interest in experiments with lower thresholds
for nuclear recoils, such as CRESST [5–8], DAMIC [9],
EDELWEISS [10], NEWS-G [11], or SuperCDMS [12], in
experiments sensitive for electron recoils [13–16], or indeed
in the development of completely novel types of detectors
[17–33].
Direct detection experiments basedon liquidxenon, on the

other hand, are usually believed to be insensitive to nuclear
recoils with sub-keVenergy, corresponding to sub-GeV DM
particles. This conclusion is based on the implicit assumption
that the electron cloud of the recoiling atom instantly follows
the nucleus, so that ionizations and excitations are only
produced subsequently, as the recoiling atom collides with
surrounding xenon atoms. The resulting primary scintillation
(S1) signal is then too small to be observable.
From neutron-nucleus scattering experiments, it is,

however, known that the sudden acceleration of a nucleus
after a collision leads to excitations and ionization of
atomic electrons (see, e.g., [34–38]). This effect, illustrated
in Fig. 1, can lead to energetic γ rays and ionization electrons

beingproduced from theprimary interaction. TheS1 signal is
thenmuch larger and the sensitivity of liquid xenon detectors
is significantly enhanced. The case of γ-ray emission was
investigated in detail in [39]. Reference [40] furthermore
showed that liquid xenon detectors such as LUX [41],
XENON1T [42], or PandaX [43] can distinguish such events
from electron recoils, which constitute themain background.
Recently, Ref. [44] pointed out that the probability to

ionize a recoiling atom is in fact substantially larger than
the probability to obtain a γ ray. This effect has been named
the “Migdal effect” in the DM literature [45–47], as the
calculation makes use of the Migdal approximation [48]
that the electron cloud of the atom does not change during
the nuclear recoil induced by the DM interaction (see
Fig. 1). In the frame of the nucleus, this results in a
simultaneous boost for all electrons, which can lead to
excitation or ionization of electrons.
In this Letter, we further explore the formalism developed

in [44] and apply it to the case of liquid xenon detectors.
We find that the sensitivity of this type of experiment in the
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FIG. 1. Illustration of electron emission from nuclear recoils.
If a DM particle scatters off a nucleus (left), we can assume
that immediately after the collision the nucleus moves relative
to the surrounding electron cloud (middle). The electrons
eventually catch up with the nucleus, but individual electrons
may be left behind and are emitted, leading to ionization of the
recoiling atom (right).
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Enabling technology

• 亚毫米级别径迹记录能力：高颗

粒度热压接Micromegas

• 0.4 mm条宽

• 上下两层条读出

• 15 cm ⨉ 15 cm有效读出面积

• 信号径迹精细模拟与 TPC 硬件设

计同步进行中

张志永
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总结

• 无中微子双贝塔衰变实验非常具有挑战性，但是由于其重要物理意义，

仍是国际地下实验室的热点，目标为覆盖整个IH相空间

• 锦屏地下实验室自然条件优越，多个实验组布局研发

• PandaX利用高压气体和液体氙TPC开展DBD相关研究

• DBD项目推动的低本底技术与专有探测器技术潜力巨大，交叉、应用

尚在初步探索中
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核矩阵元（NME）的巨大影响

• NME对于实验灵敏度有巨大影响

• 不同模型给出的NME差别巨大

NS69CH09_Poon ARjats.cls October 9, 2019 19:22

in Equation 10 sums over the individual free-nucleon matrix elements; in other words, only one
nucleon experiences the weak decay without interference from the surrounding nuclear medium.
The form factors (see Section 3.1) need to be properly expanded in a nonrelativistic form. Various
other approximations would then lead to the general formula in Equation 4.

The NME is

M = MGT −
g2V
g2A

MF + MT, 12.

where the Fermi matrix elementMF depends on the integral over |!q | of FV (!q 2) in its nonrelativis-
tic approximation, whereas the Gamow–Teller matrix elementMGT depends on the correspond-
ing integrals over linear combinations of FA,P,W (!q 2) (see References 56 and 87 for the explicit
expressions). The tensor matrix elementMT can be neglected. As an example, the Gamow–Teller
matrix element, which is the leading one, can be written as

MGT = g2A
2R
π

∞∫

0

d|!q | |!q |〈 f |
∑

a,b

j0(|!q |rab) hGT(|!q |!σa · !σb)
|!q | + Ē − (Ei + E f )/2

τ+
a τ+

b |i〉, 13.

where R is the nuclear radius of 1.2A3 fm, j0 is the Bessel function, hGT is a combination of FA,P,W
properly expanded, and!rab is the distance between the two decaying nucleons. Short-range correla-
tions may be important, particularly for short-range mechanisms.The repulsion at short distances
can be phenomenologically described by the UCOM, Jastrow, Argonne, or Bonn potential, with
which the operators in the NMEs are multiplied.

The dif!culty of NME calculations is to know the initial- and !nal-state nuclear wave func-
tions, a many-body problem that in practice allows no exact solution. Several approaches to the
problem exist and have been summarized in recent reviews (87–89). Figure 4 depicts the status
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Figure 4
A representative compilation of nuclear matrix element calculations with an unquenched gA = 1.27 for
different isotopes (see Reference 87, and references therein, for details). Abbreviations: EDF, energy-density
functional; IBM, interacting boson model; NME, nuclear matrix element; QRPA, quasi-particle
random-phase approximation; SM, Standard Model.
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CUORE à CUPID

• 低温量热器技术，高能量分辨率

• 模块化设计，988 通道TeO2阵列

• 正在取数

升级计划：CUPID (CUORE with particle ID)

• 光热双读出

• LiMoO4闪烁晶体阵列

世界最大稀释制冷机
<10mK 
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GERDA, Majorana Demonstrator à LEGEND

GERDA at LNGS, Italy Majorana Demonstrator at Sanford, US

• 合并为LEGEND (Large Enriched Ge Experiment for ββ Decay)

• 第一阶段: 200 kg @ LNGS (2021--)

本底水平: 5.7x10-4 c/kev/kg/yr (Science) Bkg: ~5x10-3 c/kev/kg/yr (ArXiv:1902.02299)
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EXO-200 à nEXO

• nEXO单相型TPC探测器 预期利用5吨富集Xe-136在加拿大 SNOLab开展实验

• 预期灵敏度1028年量级

nEXO
EXO-200 o nEXO

nEXO is built on the successful EXO-200 ʹ WIPP, US 
150 kg of 136Xe ʹ T1/2 > 3.5×1025 y ʹ mEE�< 93 ʹ 286 meV
First observation of �QEE of 136Xe (2011) ʹ T1/2 = 2.165×1021 y

Concept
Single phase enriched LXe TPC
� Energy resolution ȴE(V) a 0.8%@QEE
� Measurement of both charge and scintillation 
� Single site (including signal) vs. multi site events (background)
� Multi-dimensional analysis using energy, 3D position and topology

Main components 
inside the TPC vessel

nEXO

nEXO (under DoE Portfolio Review) ʹ SNOLab
Major upgrades with respect to EXO-200
� More isotope ʹ a5000 kg of 136Xe
� Improvement in light sensors (LAAPDsoSiPM)
� Increased light collection
� Improvement in radiopurity (electroformed Cu)
� Cold electronics

LXe self 
shielding

Background dominated 
by Rn outgassing and 
intrinsic radioactivity

Equivalent background 
index: 7×10-5 c/keV kg y)

10 y sensitivity 
1.35×1028 y 

mEE�< 5 - 15 meV

preCDR - arXiv:1805.11142v2
arXiv:2106.16243 

Tagging of individual 136Ba daughter

Nature 569, 203ʹ207 (2019) 20

A. Jamil, this conference

Liang Xie, this conference

136Xe o 136Ba + 2e-Demonstrated by 
fluorescence in solid Xenon
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KamLAND-Zen (136Xe)

• 日本主推，Kamioka实验室

• 136Xe 最好的半衰期限制：1.07 x 1026 yr (90%CL) 

• KamLAND-ZEN 800 正在取数，近期发表结果
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CDEX“盘古”实验路线图 CDEX Roadmap

��

CDEX-50dm
(DM)

CDEX-300ν
(0νββ)

CDEX-1000CDEX-1 CDEX-10 �
2009-2016 2016-2020 2021-

CJPL-I CJPL-II

专有提纯晶体探测器
主攻 0νββ
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CDEX-300ν 探测器

• 7串，每串~30个高纯锗晶体；锗探测器总质量: ~300kg

• 探测器类型: 

• Baseline: BEGe (1-1.2 kg/个)

• Optional: ICPC (~2 kg/个) 

• 探测器密封在亚克力壳中; 隔离锗晶体与电子学、外部屏蔽体

3/4/22 韩柯，上海交通大学 46



CDEX展望

• 2024年开始探测器系统测试与运行；目前针对多项关键
技术开展预研

• 半衰期目标 T1/2>1027 yr, <mββ>: 30-70meV, 本底<
0.2/(keV T yr)

• 未来逐步推动国际合作的吨级高纯锗0νββ实验落户锦屏

低本底前端电子学 地下电解铜 探测器高纯锗晶体生长

高纯锗探测器制备
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CUPID-CJPL

• 建立国内首个地下低温晶体
量热器实验平台，在锦屏开
展100Mo 0𝜈𝛽𝛽 实验

• 发挥国内晶体研发优势，开
展100Mo富集晶体生长技术

• 2023年开始 10 kg 36块富集
晶体实验

• 国际CUPID实验群体的重要组
成部分；在CUPID-Reach、
CUPID-Ton 阶段赶上国外实
验。
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高纯闪烁 LMO晶体

• 稳定生产大尺寸超纯LMO (钼酸锂) 自然丰
度晶体圆柱形单晶毛胚、大尺寸立方晶体

• 开展富集晶体生长加工
• 杂质含量控制U/Th<10 𝜇Bq/kg 

14ƃĂƁ ńĲÿ'Ï¥wƖ�ƇzŔƎ8

CUPID-CJPL©Ǔ
• ęďƒǓ

4X9 array

9X4 array

LMO_45x45x45	mm3

10 kg

Ø 10 kg Li2100MoO4

Ø nZZ <o	VXX ~3034	q'g
Ø rs<10	keV (FWHM)			(BR2vbb<10-4)
Ø BI(ROI)<0.001ckky

Î³CUPIDwW[oÏxÎnQy9

16ƃĂƁ ńĲÿ'Ï¥wƖ�ƇzŔƎ8

ǔůLMOǃļ>

NBU_LMO	tuv×/u3mm	 SIC_LMO	45	mm	cubic	

• Ňǂ¼ſ

Crystal powder

Low	enrichment

High	enrichment

Ø ǔůÃƺƳƼũČ�ØÝĎ7l
Ø ƘůLMOŽľ(ÃĆ>c�

Ø �¸¯�ėËpĆģŻ
Ø �¸¯ţýĆ>

Ø ®ǉĆ>Ňǂi¼
Ø ĐƗ�ƷìcU/Th<10 wBq/kg

Ø 12��¸¯ţýĆ>Åºİƒ
I[xæ�TĆ>Ňǂ7k�BƩü�ƺƳŎǃļĆ>Ňǂ¼ſ16ƃĂƁ ńĲÿ'Ï¥wƖ�ƇzŔƎ8

ǔůLMOǃļ>

NBU_LMO	tuv×/u3mm	 SIC_LMO	45	mm	cubic	

• Ňǂ¼ſ

Crystal powder

Low	enrichment

High	enrichment

Ø ǔůÃƺƳƼũČ�ØÝĎ7l
Ø ƘůLMOŽľ(ÃĆ>c�

Ø �¸¯�ėËpĆģŻ
Ø �¸¯ţýĆ>

Ø ®ǉĆ>Ňǂi¼
Ø ĐƗ�ƷìcU/Th<10 wBq/kg

Ø 12��¸¯ţýĆ>Åºİƒ
I[xæ�TĆ>Ňǂ7k�BƩü�ƺƳŎǃļĆ>Ňǂ¼ſ

D 75mm; H 170 mm 45mm cubic
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LMO低温晶体量热器测试

• 开展自然丰度大尺寸LMO立方晶体国内地面实验室测试

• 复旦与科大稀释制冷机通过验收运行

• 最低温<10 mK，稳定性<10 𝜇K@10mK

• 低温读出，主动减震装置

复旦

科大探测器组装
制冷机冷盘
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高压气体离子时间投影室 NνDEx

Topmetal-S
!"
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NνDEx 展望

• 100-kg级实验地面样机基本完成设计，正在研制中

• 2021：验证Topmetal芯片读出、完成高压气腔和气体系统

• 2022：完成100-kg级实验地面样机

• 希望~2023年，开始在CJPL进行地下实验样机研制

低本底 316L不锈钢腔体部件 铜屏蔽体 、绝缘层 TPC场笼 地面实验室
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下一代液氙多物理目标探测器PandaX-xT

• 发展PandaX-xT成为多物理目标探测器，立足锦屏开展暗物质与中微子研究

• 40T量级的灵敏质量，包含多吨级136Xe，具有国际竞争力的0νββ灵敏度

• 开始运行自然氙探测器，同步开展富集工作的研发，可以进行有无136Xe的对比实验，

提高灵敏度和更加明确的确认疑似信号

• 深挖液体探测器MeV区间事件区分，

提高信号本底鉴别效率
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