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Visible matter is just the tip of the iceberg

Galactic rotation curveGravitational Lens Galaxy mergers

• Dark matter makes up most of the mass in 

galaxies and galaxy clusters.

• Current evidence comes solely from 

gravitational interaction.
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从卢瑟福散射实验说起
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Dark matter experiments
WIMP dark matter searches, PIC-2025
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直接探测暗物质实验
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直接探测暗物质实验
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Migdal效应
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• 1939年由前苏联科学家Migdal预言
𝑬𝒆

𝑬N

𝑣𝑁 ≫ 𝛼𝑐

𝑣𝑁~𝛼𝑐

𝑣𝑁 ≪ 𝛼𝑐



中性粒子碰撞中的Migdal效应

10

𝒏/𝝂/𝛘

𝑬𝒆

至今已有80余年，仍未有直接观测的证据



利用Migdal效应直接探测暗物质实验
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𝒏/𝛘

𝐸det = 𝐸er,obs + 𝐸nr,obs+…

𝐸er,obs = 𝐸er − 𝐸bind

𝐸nr,obs = 𝐸nr ⋅ 𝜀QF

在低动量转移情况下仍然提供可探测信号！

CDEX



轻质量暗物质区间的探测限—由Migdal效应主导

各大暗物质实验：
XENON/LZ/PandaX/CDEX/DarkSide50/

SuperCDMS/EDELWEISS/LUX… 12



国际上中性粒子Migdal效应实验
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Phys. Rev. D, 109(5), L051101（2024）

Phys. Rev. D,107, 035032

测量沉积能量 测量cluster距离

Nr/Er的径迹成像



Migdal事例的特征
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电子径迹

核子径迹

A

B

共顶点

布拉格峰

？



Migdal事例的特征
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电子径迹

核子径迹

B

共顶点

布拉格峰



Detector Requirements
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N+

e-

模拟结果 ● ER~keV，NR~hundreds keV

● Good energy resolution

● Large dynamic range.

● ER shares vertex with NR

● Good vertex resolution

● Reduce possible background

● Good t ime resolution



MARVEL 实验装置示意
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GMCP

GMCPTopmetal-II

Topmetal-II

DD neutron source

ER

NR

Migdal topology

提出全新的实验手段



GMCP-Performance Stabil i ty
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● Suppress the charge 

accumulation effect

GMCP Development – Hydrogen 

Reduction tech for Preparing Bulk 

Resistance to Eliminate Charge 

Accumulation

stability at different counting rates

Bulk Resistance

10.1016/j.nima.2023.168499



Performance Stabil i ty/Gain

19Leak rate: ~7.6–11 Torr·L/s

• low leakage rate and material 

degassing rate specifications

Long-term gain stability

Gain variation with temperature



Spatial  resolution
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Parameter testing for various 

gases and gas mixtures

60 um

83 um

high-granularity device

adaptive cutting 

vertex reconstruction

various gas mixtures:

He/Ar/Kr/Xe+CO2/CH4/i-C4H10/DME(C2H6O)/CF4

10.1007/s41365-021-00903-0

https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0


ER vertex reconstruct ion
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● Determine the economic center of gravity and its 

trajectory based on ignit ion point and energy 

deposit ion.

● Calculate the sign of, 𝑀𝑑 ,  𝑀𝑑 = σ𝑝𝑜𝑖𝑛𝑡 𝑑
3 × 𝑞 ,  

determine the head and tai l(Bragg peak) of the 

trajectory

● Slide a perpendicular l ine along the center of 

gravity, compute the second-order moment M2 to 

measure trajectory curvature, and truncate at the 

point of maximum M2 change for a straightened 

path.

● Recalculate the center of gravity and its l ine for 

the truncated trajectory to identify the 

photoelectric interaction point and emission 

direction.

Incident direction

21

( ) ( )22
pixels

2 lnln
n

yyxxM −+−=
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Vertex resolution

6.4 keV X-ray imaging with half the area shielded 

by a copper plate

position resolution @ 6.4 keV

position resolution at different energies

copper plate

spatial resolution at different positions

10.1088/1748-0221/19/04/P04039

https://iopscience.iop.org/article/10.1088/1748-0221/19/04/P04039
https://iopscience.iop.org/article/10.1088/1748-0221/19/04/P04039
https://iopscience.iop.org/article/10.1088/1748-0221/19/04/P04039


Energy calibration
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monoenergetic X-ray platform

10.1007/s10686-023-09905-9

∝1/√E

https://link.springer.com/article/10.1007/s10686-023-09905-9
https://link.springer.com/article/10.1007/s10686-023-09905-9
https://link.springer.com/article/10.1007/s10686-023-09905-9
https://link.springer.com/article/10.1007/s10686-023-09905-9
https://link.springer.com/article/10.1007/s10686-023-09905-9
https://link.springer.com/article/10.1007/s10686-023-09905-9
https://link.springer.com/article/10.1007/s10686-023-09905-9


Time resolution

24
time resolution test results

GMCP trigger : 100 Mhz (10 ns)

Topmetal trigger precision:2.6 ms/Frame IEEE Trans. Nucl. Sci., 70, 1288-1295

6 ms Timewindow

https://ieeexplore.ieee.org/document/10111087
https://ieeexplore.ieee.org/document/10111087
https://ieeexplore.ieee.org/document/10111087


Events discriminat ion at  same frame
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TN =17.96207 s

Fe-55

TN

①

②

①

②

GMCP timestamp+(0,2.592)ms

Scanning position at 

signal arrival

Scanning position at signal 

arrival; provided by the 

GMCP timestamp

scan

direction

Topmetal timestamp

... ...

GMCP timestamp-(0,2.592)ms

TN-1 TN+1

Frame N



Detector performance

• Good linear energy 

response

• 20%-30% energy 

resolution(FWHM)

• Energy resolution follows 

the relationship ~ Τ1 𝐸

• Stable gain under different 

count rates(no pile up)

• Good linearity in charge 

response

• ~200 μm vertex resolution

@ 6.4 keV • ~262 μs time resolution

26

Energy resolution Dynamic range Vertex resolution Time resolution



Migdal detector 

Working gas:
0.8 atm @ ~300 K

40% Helium + Dimethyl ether (DME,C2H6O) 27

Scintillator ①
D-D source monitoring

Scintillator ③
D-D source monitoring

Scintillator ②
n/gamma spectrum meas.



事例挑选

Data Vertex cut
YOLO*1

preselection

NR

reconstruction

ER

reconstruction

28

Dataset Train Valid

Exp
⁵⁵Fe 3000 1493

D-D 2994 1354

Sim
ER 1200 301

NR 1200 301

Total 8394 3449

Labeling

NR

reconstruction ER

reconstruction



Migdal 事例
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更多的Migdal事例！
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全部通过YOLO识别！

31



电子与核子径迹
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data

data

5 𝑘𝑒𝑉𝑒𝑒 < 𝐸𝑒 < 10 𝑘𝑒𝑉𝑒𝑒, 𝐸𝑛𝑟 > 35𝑘𝑒𝑉𝑒𝑒

Migdal事例中的电子与55Fe源的光电子样本区间一致；核反冲径迹与中子数据中核反冲控制样本一致！
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本底估计
Background Component Description Expectation value (5 - 10 keV) Method

Recoil induced δ ray δ electron near NR track origin 0.035±0.023(stat.)±0.0068(sys.) Data driven

Particle Induced X-ray Emission

X-ray emission Photoelectron near NR track origin 0

Auger electrons Auger electron near NR track origin 0

Bremsstrahlung processes

Quasi-Free Electron (QFEB) Photoelectron near NR track origin ≈ 0

Secondary Electron (SEB) Photoelectron near NR track origin ≈ 0

Atomic (AB) Photoelectron near NR track origin ≈ 0

Nuclear (NB) Photoelectron near NR track origin ≈ 0

Random track coincidences Photo-/Compton electron near NR track 0.180±0.022(stat.)±0.042(sys.) Data driven

Muon induced δ ray δ electron near NR track origin 0.013 MC+Data

Gas radioactivity

Trace contaminants Electron from decay near NR track origin 0.001±0.00087(sys.) Data driven

Neutron activation Electron from decay near NR track origin ≈ 0

Secondary nuclear recoil fork NR track fork near track origin ≈ 0

Total background 0.229±0.032(stat.)±0.043(sys.)



● Consider the selection eff iciency for δ -electrons.

● Finally get: 0.035±0.023(stat.)
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1.  Delta电子本底

H

Only H has the δ electron > 5 keV.
No δ above 5 keV were found.

Estimate by extrapolating from 

the exponential fit

n

N

e-

e-



2. Radom track conincidence

Method 1: n/γ spectrum measured by LS + GEANT4

n

Ne-

n

Ne-

n

Neutron spectrumGamma spectrum

n
N*

e-

N

NR Compton e- photonEle

I 1 4.32 × 10−5 1.06 × 10−5

II 1 6.06 × 10−6 ~3.63 × 10−8

III 1 3.11 × 10−6 7.15 × 10−7

• The expected background contribution of the 3 components in total is: 0.16±0.01(stat.)

I II III



Radom track conincidence

● Method 2: Estimated from Data

● Get the number of electron tracks within the 5-10 keV energy range that appear in the

same frame as the nucleon tracks.

● Considering the accidental coincidence of NR and ER with a vertex selection eff iciency,

● the final expected background value is 0.180±0.022(stat.)±0.042(sys.)

The results from the liquid

scintillation + GEANT4 are

consistent with the data

obtained from the Migdal

detector.

36

keV



Cross section rat io calculation 
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Result: 4.9−1.9
+2.6× 10−5

• Probability:

• Parameters:

• upper/lower bounds:

Theory: 3.9 × 10−5

29%(YOLO)*49%(vertx rec)



The total  transit ion probabil i ty
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𝐻 𝐻𝑒

𝐶 𝑂

每种元素的跃迁几率 总跃迁几率

初态为 (𝑛, 𝑙) 的电子跃迁到具有 𝐸𝑒 能量末态的几率.෍

𝑛𝑙

𝑑𝑝𝑖 𝑛𝑙 → 𝐸𝑒
𝑑𝐸𝑒



Upgrade in progress
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Topmetal-II Topmetal-L

• 6x6 mm, 83 um in pitch -> 2.3x1.5 cm, 45 um in pitch

• Fresh time: 2.6 ms/Frame -> 0.7 ms/Frame

• Readout logic: Rolling Shutter -> Sensitive area
Larger GMCP

15mm



Upgrade in progress
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Topmetal-II

Topmetal-L

D-D source test, Nov.,2025

Topmetal-L

5.9 keV 

photonelectron

arXiv:2511.15130

arXiv:2511.09863

5.9 keV

Ar kα ~3.0 keV

Sensitive area readout:

Sensitive pixels

Readout pixels

range

50%Ar + 50%CO2

1 atm, Fe-55 

50%Ar + 50%CO2

0.75 atm

neutron direction

40

https://arxiv.org/abs/2511.15130
https://arxiv.org/abs/2511.09863


● The Migdal effect plays a very important role 
in l ight dark matter research.

● The MARVEL experiment is dedicated to the 

direct detection of the Migdal effect.

● The ratio of the Migdal to the nuclear recoil 

cross-section to be 4.9−1.9
+2.6 × 10−5 , where 

nuclear recoils exceed 35 keVee and electron 

recoils span 5-10 keV.

● Detector upgrade is in progress.

Thanks for your attention!
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