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Dark Matter

Galaxy (104-105 ly) Galaxy Cluster (~106 ly)   

Large Scale Structure (~107 ly)

DM

DM

Hot Gas

Cosmic Microwave Background  (~1010 ly)

What we know about DM

Massive

Gravitational interactions

What we don’t know about DM

Particle Nature

Mass

Interactions with visible matter?

DM self-interactions?

Abundant: 85% of matter

Numerous evidence for the existance of DM

•  
•  

•  
Cold/Collisionless•  

•  
•  

•  
•  

…
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What could Dark Matter be

Figure from T. Lin (arXiv:1904.07915) 
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What could Dark Matter be

This talk

Figure from T. Lin (arXiv:1904.07915) 
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How to look for DM: Direct Detection of DM

DM

detector

shielding

ΔE

WIMP

Axion

Light DM
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How to look for DM: Direct Detection of DM

DM

detector

shielding

ΔE

WIMP

Axion

Light DM

semiconductor detectors
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Light DM detection: tabletop experiments

10cm

SENSEI

1cm

SuperCDMS HVeV

1g
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10cm

SENSEI

1cm

SuperCDMS HVeV

1g a few 
tonnes

Light DM detection: tabletop experiments

PandaX (WIMP)

1m
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Figure from SENSEI, PRL 2020Direct Detection of Light DM
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Figure from SENSEI, PRL 2020
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Exploring the parameter space

Probing the theory benchmark

Direct Detection of Light DM

Benchmark
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Figure from SENSEI, PRL 2020
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Exploring the parameter space

Direct Detection of Light DM

Benchmark

Probing DM lighter than MeV

Probing the theory benchmark
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Figure from SENSEI, PRL 2020
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Exploring the parameter space

Direct Detection of Light DM

Benchmark
Probing strongly interacting DM

Probing DM lighter than MeV

Probing the theory benchmark
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Figure from SENSEI, PRL 2020
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Exploring the parameter space

Direct Detection of Light DM

Benchmark
Probing strongly interacting DM

Probing DM lighter than MeV

Probing the theory benchmark

Need to understand backgrounds
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What about backgrounds?

DM

detector

shielding



Peizhi Du (USTC) | Light DM Detection /256

DM

detector

shielding

cosmic rays

radioactivity 

secondary emission

defects in detector

What about backgrounds?

Backgrounds are important 
and interesting!
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Current light dark matter detectors

Expectation:

Nothing or DM!
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Anomalous events in light dark matter detectors
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Cannot be explained by known sources

Excess events are near the threshold•  
•  

Anomalous events in light dark matter detectors
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Those could come from DM !
Kurinsky, Baxter, Kahn, Krnjaic, PRD, 2020

Anomalous events in light dark matter detectors
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Those could come from DM !

Probably not DM

Kurinsky, Baxter, Kahn, Krnjaic, PRD, 2020

Kozaczuk, Lin, PRD, 2020

Anomalous events in light dark matter detectors
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Those could come from DM !
Kurinsky, Baxter, Kahn, Krnjaic, PRD, 2020

Probably not DM
Kozaczuk, Lin, PRD, 2020

Those are likely unexplored backgrounds! 

PD, Egana-Ugrinovic, Essig, Sholapurkar, 
PRX, 2022
Abbamonte, Baxter, Kahn, Krnjaic,
Kurinsky, Mandava, Wagner PRD, 2022

EXCESS Workshop Report, 2022
SuperCDMS, PRD 2022

Anomalous events in light dark matter detectors
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Unexplored low energy backgrounds

Cherenkov radiation can mimic dark matter signals!

Detector

Holders

Vacuum

Copper vessel
e-, μ-

Cables
Cherenkov

Radiation

PD, Egana-Ugrinovic, Essig, Sholapurkar, PRX, 2022

Charged particle

Cherenkov radiation

✓Ch

Incident charge is moving faster than 
the speed of light inside the medium
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SENSEI experiment

Look for electron-hole pairs in skipper CCD

Expected DM signal: one or few charges per pixel

100 m underground at135 K
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SENSEI experiment
SENSEI image (20h exposure)   

Look for electron-hole pairs in skipper CCD

Expected DM signal: one or few charges per pixel

100 m underground at135 K
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SENSEI experiment
SENSEI image (20h exposure)   

Cosmic Muons

X ray

1e events

High energy 
electrons

could be 
DM signals

Look for electron-hole pairs in skipper CCD

Expected DM signal: one or few charges per pixel

100 m underground at135 K
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Simulation results
High energy tracks+Cherenkov+Radiative recombinationSENSEI image

PD, Egana-Ugrinovic, Essig, Sholapurkar, JHEP, 2024

High energy tracks
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Cherenkov events

11

Comparing to data

Cherenkov events

PD, Egana-Ugrinovic, Essig, Sholapurkar, JHEP, 2024

Events closer to high energy tracks

1e events spatially correlated with high energy tracks•  
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Cherenkov events

PD, Egana-Ugrinovic, Essig, Sholapurkar, JHEP, 2024

Events closer to high energy tracks

Comparing to data

Cherenov explains everything?  Maybe not

1e events spatially correlated with high energy tracks•  

•  
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Cherenkov events

?

PD, Egana-Ugrinovic, Essig, Sholapurkar, JHEP, 2024

Could be additional surface dark currents:

spatially uniform; originated from surface defects… 

Cherenov explains everything?  Maybe not

1e events spatially correlated with high energy tracks

Comparing to data

Events closer to high energy tracks

•  

•  

•  
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Cherenkov events

How to reduce surface dark currents ??

PD, Egana-Ugrinovic, Essig, Sholapurkar, JHEP, 2024

Could be additional surface dark currents:

spatially uniform; originated from surface defects… 

Comparing to data

Events closer to high energy tracks

Cherenov explains everything?  Maybe not

1e events spatially correlated with high energy tracks•  

•  

•  
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Dual-Sided CCD
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CD

-

+

E

V

Fr
on

t 
si

de
 o

f t
he

 D
CC

D

e-

hole

front
buried

channel

-

+

back
buried

channel

E

e-

hole

front
buried

channel

Tiffenberg, PD, Egana-Ugrinovic, Essig, Fernandez-Moroni, 
Sofo Haro, Uemura, PR Applied, 2024

Regular CCD collects only one charge DCCD collects both charges at two sides

Surface DC are only collected in one side of the image
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Surface DC rejection
Front (h) Back (e)

Combined (eh)

Rejected

eh coincident events



Peizhi Du (USTC) | Light DM Detection /2513

SENSEI 1e dark current: O(10-4) e/pixel/day

dark current rejection: O(10-3)-O(10-4)

Front (h) Back (e)

Combined (eh)

Rejected

eh coincident events

Surface DC rejection
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Freeze-in

SENSEI 1e dark current: O(10-4) e/pixel/day

dark current rejection: O(10-3)-O(10-4)

Front (h) Back (e)

Combined (eh)

Rejected

eh coincident events

Surface DC rejection

sensitivity improvement 103 or 104
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Figure from SENSEI, PRL 2020
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Exploring the parameter space

Direct detection of light DM

Benchmark
Probing strongly interacting DM

Probing DM lighter than MeV

Probing the theory benchmark

Need to understand backgrounds

Sub-eV threshold detectors
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Threshold: ~1eV

Semiconductors 

DM Mass: > MeV

Low threshold detector can probe low mass DM

Probing lighter than MeV DM
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Threshold: ~1eV

Semiconductors Doped semiconductor

Threshold: 10-100 meV
DM Mass: > MeV DM Mass:  >10-100 keV

Our proposal

Low threshold detector can probe low mass DM

Probing lighter than MeV DM
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PD, Egana-Ugrinovic, Essig, Sholapurkar, PRD, 2024

Threshold: EI~10-100 meV
Signals: dopant ionization

DM detection with doped silicon

+
+

+

e-

e-

DM

e-

Conduction band

Valence band

EI

n-type semiconductor 

-
-

-

DM

h+

p-type semiconductor 

h+

h+

DM

e-

pure semiconductor 

h+

EI

Eg

e 

h h

e 

e e 

e 
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Light dark photon mediator (Si:P, nd=1×1018cm-3)

10-3 10-2 10-1 1 101 102
10-44
10-43
10-42
10-41
10-40
10-39
10-38
10-37
10-36
10-35
10-34
10-33
10-32
10-31
10-30

G
aA

s

Al

URu2Si2

Freeze-in

Stellar+SN

Dopant ionization
Si ionization

ZrTe
5

Direct detection

Solar reflection

PD, Egana-Ugrinovic, Essig, Sholapurkar, PRD, 2024

Threshold: EI~10-100 meV
Signals: dopant ionization

DM detection with doped silicon

+
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DM
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Conduction band

Valence band
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n-type semiconductor 
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p-type semiconductor 
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Figure from SENSEI, PRL 2020
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Exploring the parameter space

Direct detection of light DM

Benchmark
Probing strongly interacting DM

Probing DM lighter than MeV

Probing the theory benchmark

Need to understand backgrounds

Sub-eV threshold detectors

Space-based detectors
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Upper limit of ground-based detectors

� �� ��� ���
��-��

��-��

��-��

��-��

��-��

��-��

��-��

��-��

��-��

��-��

�χ [���]

σ �
[�
�
� ]

���
����

����
����

�����
�����

�������

�����
����

��@�
�����

�

���
�-��

��

�����
����

��@�
����

������-��

��-� ����������
���=(α��/�)�

������
���

���
��

����
��@�

����

Benchmark



Peizhi Du (USTC) | Light DM Detection /2520

Upper limit of ground-based detectors

100 101 102 103

10-36

10-34

10-32

10-30

10-28

10-26

10-24

10-22

10-20

10-18

mχ[MeV]

σ
e[
cm

2 ]

FDM=(αme/q)2

direct det
ection

(undergro
und and s

urface)

balloon
(30km)

satellite
(400km

)

Emken, Essig, Kouvaris, Sholapurkar, JCAP, 2019

upper limit
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Upper limit of ground-based detectors

100 101 102 103

10-36

10-34

10-32

10-30

10-28

10-26

10-24

10-22

10-20

10-18

mχ[MeV]

σ
e[
cm

2 ]

FDM=(αme/q)2

direct det
ection

(undergro
und and s

urface)

balloon
(30km)

satellite
(400km

)

Detector

Earth

Atmosphere 

DM

Emken, Essig, Kouvaris, Sholapurkar, JCAP, 2019

Strongly interacting DM will be scattered or slowed 
before reach ground based detectors

upper limit
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Upper limit of ground-based detectors

100 101 102 103

10-36

10-34

10-32

10-30

10-28

10-26

10-24

10-22

10-20

10-18

mχ[MeV]

σ
e[
cm

2 ]

FDM=(αme/q)2

direct det
ection

(undergro
und and s

urface)

balloon
(30km)

satellite
(400km

)

Detector

Earth

Atmosphere 

DM

Emken, Essig, Kouvaris, Sholapurkar, JCAP, 2019

Strongly interacting DM will be scattered or slowed 
before reach ground based detectors

upper limit

Has strongly interacting DM already been ruled 
out by other astro/cosmo constraints?
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Parameter space for strongly interacting DM

No room for strongly interacting DM if
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fraction of interacting 
DM component
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21

Parameter space for strongly interacting DM

No room for strongly interacting DM if Unconstrained window for
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fraction of interacting 
DM component

<latexit sha1_base64="CiRPdp8OXmbAq+HpvTLvcOqdp00=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBkPAU5gVXxch6MVjBPOA7BJmJ7PJkNnZdWY2EJZ8hxcPinj1Y7z5N06SPWi0oKGo6qa7K0gE1wbjL6ewsrq2vlHcLG1t7+zulfcPWjpOFWVNGotYdQKimeCSNQ03gnUSxUgUCNYORrczvz1mSvNYPphJwvyIDCQPOSXGSn7Y8+iQXyMXY6/aK1dwDc+B/hI3JxXI0eiVP71+TNOISUMF0brr4sT4GVGGU8GmJS/VLCF0RAasa6kkEdN+Nj96iqpW6aMwVrakQXP150RGIq0nUWA7I2KGetmbif953dSEV37GZZIaJuliUZgKZGI0SwD1uWLUiIklhCpub0V0SBShxuZUsiG4yy//Ja3TmntRO78/q9Rv8jiKcATHcAIuXEId7qABTaDwCE/wAq/O2Hl23pz3RWvByWcO4Recj2++c5DK</latexit>

f� = 100%
<latexit sha1_base64="AkY/J9eQAxhhhZLo2et7Bl4iy0o=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSwFVyGR+lgW3bisYB/QhDCZTtqhM5MwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPVHKqNKu+22VVlbX1jfKm5Wt7Z3dPXv/oK2STGLSwglLZDdCijAqSEtTzUg3lQTxiJFONLqZ+p0HIhVNxL0epyTgaCBoTDHSRgrtozj08ZD6jCilKIeuU/droV11HXcGuEy8glRBgWZof/n9BGecCI0ZUqrnuakOciQ1xYxMKn6mSIrwCA1Iz1CBOFFBPrt+AmtG6cM4kaaEhjP190SOuFJjHplOjvRQLXpT8T+vl+n4KsipSDNNBJ4vijMGdQKnUcA+lQRrNjYEYUnNrRAPkURYm8AqJgRv8eVl0j5zvAvn/K5ebVwXcZTBMTgBp8ADl6ABbkETtAAGj+AZvII368l6sd6tj3lrySpmDsEfWJ8/JT6UYQ==</latexit>

f� . 0.4%

Emken, Essig, Kouvaris, Sholapurkar, JCAP, 2019
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Going to the space

Detector

Earth

Atmosphere 

DM

Atmosphere

Space detectors

DM

Earth

JWST

IR detector: Eth~0.1 eV

Low noise: 
dark current ~0.01 e/pixel/s

Space detectors can probe strongly interacting 
DM due to lack of atmospheric shielding

•  

•  
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JWST dark images

Dark images from NIRSpec on JWST

‘snowballs’
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JWST dark images

Dark images from NIRSpec on JWST Pixel charge distribution

PD, Essig, Rauscher, Xu, 2024

‘snowballs’
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JWST DM constraints

Closing the window for 0.4% of interacting DM

Future space detectors (e.g. DarkNESS) can further probe DM

PD, Essig, Rauscher, Xu, 2024

•  
•  
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Conclusions
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DM
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Low threshold detector:
Doped semiconductors

Space detectors: JWST

Need to understand backgrounds
Low-noise detector: DCCD

Direct Detection of Light DM

Benchmark
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Thank you


