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Dark Matter

Numerous evidence for the existance of DM
What we know about DM

Observations
. from starlight

Abundant;: 85% of matter

Velocity
. (km s-1)

Massive

- Expected from
the visible disk

Gravitational interactions

Cold/Collisionless

. 20,000 30,000 40,000

s . Distance (light years)

What we don’t know about DM

Particle Nature
Mass
Interactions with visible matter?

DM self-interactions!?

.M A0
Large Scale Structure (~107 ly) Cosmic Microwave Background (~1010 ly)



What could Dark Matter be

Mass scale of dark matter

(not to scale) . .
Figure from T. Lin (arXiv:1904.07915)

QCD axion WDM limit unitarity limit
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(Q-balls, nuggets, etc) )
non-thermal dark sectors black holes

bosonic fields sterile v
can be thermal
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How to look for DM: Direct Detection of DM

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

Light DM

shielding

semiconductor detectors
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Lisht DM detection: tabletop experiments

SENSEI
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Direct Detection of Light DM

Figure from SENSEI, PRL 2020

10728,
10—292

10—302

- DM-—e scattering

= Fpm=(am,/q)*

Peizhi Du (USTC) | Light DM Detection 5 /25



Direct Detection of Light DM

Figure from SENSEI, PRL 2020

10728, Exploring the parameter space

10—292

10-30. l Probing the theory benchmark

DM-—e scattering
10_36 = FDM:(a’me/q)2
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Direct Detection of Light DM

0, [cm?]

10728,
-
-
103

10—32 %

10—33

10—34 %

10—35 %

10—36

10_37k T T

- DM-—e scattering

= Fpm=(am,/q)*

Figure from SENSEI, PRL 2020

Exploring the parameter space

l Probing the theory benchmark

== Probing DM lighter than MeV
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Direct Detection of Light DM

Figure from SENSEI, PRL 2020

Exploring the parameter space

l Probing the theory benchmark

Need to understand backgrounds

0, [cm?]

== Probing DM lighter than MeV

- DM-—e scattering

= Fpm=(am,/q)*

1036 T Probing strongly interacting DM

10_37k T T
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What about backgrounds?

=

DM

shielding
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What about backgrounds?

radioactivity

Backgrounds are important

and interesting!

DM

secondary emission

shielding

cosmic rays defects in detector
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Current light dark matter detectors

1012

. EXCESS2022 Workshop
Expectation:

«
*CESS

10”

10 Nothing or DM!

— DAMIC

— EDELWEISS RED30
103 — SENSEI

—  Skipper-CCD

Event Rate (Counts / kg / day / keV.)

— SuperCDMS HVeV Run |
= SuperCDMS HVeV Run 2

0.02 0.04 0.06 0.08

Electron equivalent energy deposition (keV)
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Anomalous events in light dark matter detectors

- 1012
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Anomalous events in light dark matter detectors

EXCESS2022 Workshop

«
*CESS

— DAMIC

— EDELWEISS RED30

— SENSEI

—  Skipper-CCD

— SuperCDMS HVeV Run |
= SuperCDMS HVeV Run 2

Event Rate (Counts / kg / day / keVe,)

0.02 0.04 0.06 0.08

Electron equivalent energy deposition (keV)

e Excess events are near the threshold

« Cannot be explained by known sources
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Anomalous events in light dark matter detectors

Those could come from DM !

Kurinsky, Baxter, Kahn, Krnjaic, PRD, 2020

Event Rate (Counts / kg / day / keV.)

0.02 0.04 0.06 0.08

Electron equivalent energy deposition (keV)

——— DAMIC

—— EDELWEISS RED30
— SENSEI

——— Skipper-CCD

— SuperCDMS HVeV Run |
— SuperCDMS HVeV Run 2

Peizhi Du (USTC) | Light DM Detection 12/25



Anomalous events in light dark matter detectors

Those could come from DM !

Kurinsky, Baxter, Kahn, Krnjaic, PRD, 2020

Probably not DM

Kozaczuk, Lin, PRD, 2020
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Anomalous events in light dark matter detectors

Event Rate (Counts / kg / day / keVe,)

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

SuperCDMS, PRD 2022
EXCESS Workshop Report, 2022

0.02 0.04 0.06 0.08

Electron equivalent energy deposition (keV)

DAMIC

EDELWEISS RED30
SENSEI

Skipper-CCD
SuperCDMS HVeV Run |
SuperCDMS HVeV Run 2
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Unexplored low energy backgrounds

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

s B
Cherenkov radiation can mimic dark matter signals!
_ y

Cherenkov radiation

Vacuum

»\i\\ \
ﬂ’??i;‘))} DeteCtOCrheren kov
\",!!"! Charged particle —

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

conduction

valence band

&

|00 m underground atl35 K

Expected DM signal: one or few charges per pixel
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SENSEI experiment

SENSEI image (20h exposure)

Look for electron-hole pairs in skipper CCD

conduction

valence band

|00 m underground atl35 K

Expected DM signal: one or few charges per pixel



SENSEI experiment

SENSEI image (20h exposure)

High energy i : '. J .
Look for electron-hole pairs in skipper CCD electrons .. 4""'\ N T

| e events
could be
DM signals

conduction

X ray

valence band

100 m underground at135 K Cosmic Muons

Expected DM signal: one or few charges per pixel



Simulation results

SENSEI image

PD, Egana-Ugrinovic, Essig, Sholapurkar, JHEP, 2024
High energy tracks High energy tracks+Cherenkov+Radiative recombination
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Comparing to data
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SENSEI 1—e Data

Events closer to high energy tracks

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

e |le events spatially correlated with high energy tracks



Comparing to data
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Events closer to high energy tracks

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

e |le events spatially correlated with high energy tracks

* Cherenov explains everything? Maybe not



Comparing to data

PD, Egana-Ugrinovic, Essig, Sholapurkar, JHEP, 2024
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Comparing to data

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

1200}
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T 1000}
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Events closer to high energy tracks



Dual-Sided CCD

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

Front side of the CCD
Front side of the DCCD

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
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Surface DC rejection
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SENSEI le dark current: O(10™) e/pixel/day

dark current rejection: O(107%)-O(10



Surface DC rejection

Front (h) Back (e)
- . m =
-
- - ©oom
- -
- - -
. - _ - -

Combined (eh)

¥ +—4— Rejected
neT

SENSEI le dark current: O(10™) e/pixel/day

dark current rejection: O(107%)-O(10
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Direct detection of light DM

Figure from SENSEI, PRL 2020

Exploring the parameter space

l Probing the theory benchmark

Need to understand backgrounds

0, [cm?]

== Probing DM lighter than MeV

Sub-eV threshold detectors

- DM-—e scattering

= Fpm=(am,/q)*

1036 T Probing strongly interacting DM

10_37k T T
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Probing lighter than MeV DM

Semiconductors

Threshold: ~leV
DM Mass: > MeV

Low threshold detector can probe low mass DM
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Probing lighter than MeV DM

Semiconductors Doped semiconductor

p-type n-type
Anode silicon silicon Cathode

Anode _N_ Cathode
(+) (-)
— )

Threshold: ~1eV Threshold: 10-100 meV
DM Mass: > MeV DM Mass: >10-100 keV

Low threshold detector can probe low mass DM
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DM detection with doped silicon

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

Lo ewm e®

pure semiconductor n-type semiconductor p-type semiconductor
e e
Conduction band 1 A EI] ® T °
EQ
e
Ey | 1

B /B B B 7/

Signals: dopant ionization
Threshold: E~10-100 meV
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DM detection with doped silicon

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

Light dark photon mediator (Si:P, ng=1x% 10'8cm™

DM DM DM 30
e _ e J ) B :_0_313

R R O
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; 0_32 = Stellar+SN

o33k
10734

Solar reflection

pure semiconductor n-type semiconductor p-type semiconductor 4 0_35 i
S 10736k |
| @ @ = s :
Conduction band ¢ A EI] T O 1 O 3 \ ;
e e O ] 0—38;_ e &
o - E %
Ey 10-7F
® 10400 1 ,
y ' EI[ T 1a=410 " VA W 3
T I e e I A ' DC:
10-42L NN L 1 kg-yr, 0 DC:
ol 100 g-day, 0 DC:
10 N 1 g-day, 450/g-day DC:
Signals: dopant ionization 10> 10 10" 1 10 10
Threshold: Ei~10-100 meV my [MeV]
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Direct detection of light DM

Figure from SENSEI, PRL 2020

Exploring the parameter space

l Probing the theory benchmark

Need to understand backgrounds

== Probing DM lighter than MeV

0, [cm?]

Sub-eV threshold detectors

- DM-—e scattering

= Fpm=(am,/q)*

10—36

T Probing strongly interacting DM

10_37: - Space-based detectors
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Upper limit of ground-based detectors

0, [cm?]

- DM-—e scattering

10—36

= Fpm=(am,/q)*

10_37k [
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Upper limit of ground-based detectors

107'°

10—20

10—22
upper limit
10—24
107%°

10728

0.[cm?]

1 0—30

1072

10734

10739 Fpm=(am./q)* |

10¢ 10’ 107 10°
m,[MeV]

Emken, Essig, Kouvaris, Sholapurkar, JCAP, 2019
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Upper limit of ground-based detectors

1 0—18
1 0—20
1 0—22

upper limit
107

107% FDM=(cvme/q)2—§ Strongly interacting DM will be scattered or slowed
T e before reach ground based detectors

m,[MeV]

Emken, Essig, Kouvaris, Sholapurkar, JCAP, 2019
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Upper limit of ground-based detectors

107" : :
Has strongly interacting DM already been ruled
107 out by other astro/cosmo constraints!?
107% DM
upper limit
1072
— 107%°
k=
= 1028
S
10—30
107%
10—34
10-% Fom=(ame/q)? | Strongly interacting DM will be scattered or slowed
T e before reach ground based detectors
m,[MeV]

Emken, Essig, Kouvaris, Sholapurkar, JCAP, 2019
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Parameter space for strongly interacting DM

f, = 100%

10—16
10717
10—18

107"

_ Px
= PDM 10

107
fraction of interacting %

DM component =107
o 10—23

10—24

10—25

Terrestrial

1026 Direct Detection 3

10—27

Fpu = (ame/q)”

103 10~2 o IIIlO_l | IIIIIiOO | ""'101
m, |GeV]

No room for strongly interacting DM if f, = 1007%

Emken, Essig, Kouvaris, Sholapurkar, JCAP, 2019
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Parameter space for strongly interacting DM

16 fx = 100% ot fr = 0.4%
1017 10—17
1018 10-18
pX 10_19 10—19
fX o [ODM 10-20 10—20
— 10_21 10—21
fraction of interacting % N
DM component = 107 S, 10722
= 1023 |b® 10—23
10-24 1024
107 10-#° Terrestrial
_ 9 Terrestrial 3 Direct Detection
10 Direct Detection 3 10726 ]
o Fo = (ame/a)’} 10+ Fou = (ame/a)’]
—28 L n o L] o _ | o o -
Yo 107 107 10° 107 107192 102 10~ 10° 10!
m, |GeV] m,, [GeV]
No room for Stl’Oﬂg')’ Interacting DM if fX = 100% Unconstrained window for fX < 0.4%

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

Space detectors

N

Space detectors can probe strongly interacting * IR detector: En~0.1 eV
DM due to lack of atmospheric shielding

, Low noise:
dark current ~0.01 e/pixel/s
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JWST dark images

Dark images from NIRSpec on JWST

| \“snowballs’




JWST dark images

Dark images from NIRSpec on JWST Pixel charge distribution
Pixel Charge Distribution
10° ¢ ;
E B JWST pipeline masks
i B JWST + custom masks
4 | Background-only fitting
:w\ 10 - —— DM-+background fitting
O - .
R - Aufter masks:
= - N, =274199
° 10" ¢
) n Background-only
'g . fit parameters:
a , - | 5 h=0.9994
= B | | Apc =5.166
= 10" ¢ s | 5= 12,32
\Z_/ E r=0.8150
SEn e s i F: i | c,=17.69
i . | o 1| fit quality:
b g T | - | | X =103.2
- N‘snowballs’ : fit range p-value = 0.29
s | 100 | LBl | | L | | I
—80 =60 —40 =20 O 20 40 60 &0 100 120

N, (number of charges)

PD, Essig, Rauscher, Xu, 2024



JWST DM constraints

£, = 0.4%

| —

AN

=

<,

\B)
I\

10710
1017
1018
1071
10—20
10721
10—22
107%
10~
10—2°
1072

10~27

Terrestrial
Direct Detection

Fpm = (Oéme/(])2

o
my |GeV]

o

10—16
10—17
10—18
10—19
10—20
—. 107
O, 107
IS 10-23
1024
107
1026
107

—28
107502

PD, Essig, Rauscher, Xu, 2024
fy = 0.05%

Terrestrial

Direct Detection

Fpm = (Ofme/(])2

Closing the window for 0.4% of interacting DM

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

Space detectors: JWST

Low threshold detector: ) So - Need to understand backgrounds
. 10735 ) , .
Doped semiconductors DM scatering ; Low-noise detector: DCCD
10736 Fpm=(am,/q)? ~ A e
BenChmar O buried
10777 R — N R p channel:
1 10 102 103 £ s
my [MeV] :
Direct Detection of Light DM g /
OF
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