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sub-GeV DM direct
detection

Dark matter-electron scattering in noble liquids,
semiconductors, and organic molecules

Dark matter-nuclear scattering through the Migdal
scattering and bremsstrahlung

Absorption of light dark matter, including axion-like
particles and dark photons.

Dark matter scattering off collective modes in
molecules and in crystals (including phonons, plasmons
and magnons)
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Liquid Xenon/Argon

i.e. XENON10, XENON100, XENONI1T, LUX,
DarkSide...

DM-electron scattering

S2 only signal

WS

https://commons.wikimedia.org/wiki/File:2phaseTPC b.jpg



https://commons.wikimedia.org/wiki/File:2phaseTPC_b.jpg

XENON10

(ne) 1 ) 3 4 5 6

1 electron = | m m,=10 MeV
27 PhotoElectrons | & 1 =1Gev XENONIO
15 kg—days

10+

1 2 3 4 5 6 7
[ 90% CL upper

events/PE

U
T

10}

events/27 PE

50 100 150 200 |

0.1

50 100 150
PE XENON10 Collaboration

Essig, Volansky, TTY [1703.00910] Phys.Rev.Lett. 110 (2013) 249901


spires-open-journal://

(ne) 1 2 3 4 5 6

| ® m,=10 MeV

| XENONI10
m m,=1GeV

15 kg—days

1 electron =
27 PhotoElectrons

10+

signal < Number of observed events

L

events/

constrain size of ]

DM-electron scattering cross-section

50 100 150
PE XENON10 Collaboration
Essig, Volansky, TTY [1703.00910] Phys.Rev.Lett. 110 (2013) 249901


spires-open-journal://

Fpm=1

XENON

o fon)

e

102
m, [MeV]

Essig, Volansky, TTY [1703.00910]

10°

10730}
107!}
107324
1074
1074
10724
107}
1077}
10784

107>

10—40 [

- Fpmoecl/q?

1

10 102 100 10*

m, [MeV]

10°



XENON100

(Ne) 5 6 7 8 9
1 electron = " m my,=10MeV s e 7 8
10°F m =1 GeV 2000 4
20 PhotoElectrons 107 = m=1Ge 2 50% CL upper
gﬂ 1500;
S :
S 1000
500
102 o i
Bi 0 ; :
% 80 100120140160180
>
QO

|
80 100 120 140 160 180

PE i
] XENON100 collaboration
Essig, Volansky, TTY [1703.00910] Phys.Rev. D94 (2016) no.9, 092001



XENON

K
Z
o
%

XENON100

L0 2 100

m, [MeV]
Essig, Volansky, TTY [1703.00910]

10—40

XENON100

XENON10

10°



a model: dark photon

I _, € 1
I nlJ71 75 n/ANER nlV1 2% nlj a2 I A/
LD 4F F,ul/ 2F F’uy‘|‘2mA/A A,u
X X
A/ 9x
€
A g
e . e
m?, + a*m? 1 mar > M
FDM(Q)_ AQ 2 N{ 2m?
m%5, + q <, Mg << M,



1073,
10—36
10737

10738

o, [cm?]

10~
104!
10742

10—43 :

1073

dark photon

XENON100

asymmetric

o, [cm?]

Lol
10?
m, [MeV]

10730,
10731
1032
10733
1074
107
10736
10737
10738
1073
1074
10-41 i

XENON100
XENON10
3 mar < My Fpm=1/¢?
Ll Ll Ll Ll L
1 10 102 10° 10* 10°
m, [MeV]

Essig, Volansky, TTY [1703.00910], DarkSide Collaboration [1802.06998], XENON1T [1907.11485]


https://arxiv.org/abs/1907.11485

semiconductor targets

)

| detect the electron(s)

Isensitive to ~eV energy

o | depositions
><\

- NN\

L T x w kK @ T
Brillouin zone path D M

Essig, Mardon, Volansky [1108.5383]

Graham, Kaplan, Rajendran, Walters [1203.2531]

Lee, Lisanti, Mishra-Sharma, Safdi [1508.07361]

Essig, Fernandez-Serra, Mardon, Soto, Volansky, TTY [1509.01598]

I.e. silicon,
germanium



http://lanl.arxiv.org/abs/1108.5383
http://lanl.arxiv.org/abs/1203.2531
http://lanl.arxiv.org/abs/1508.07361

threshold dependence

E, [eV]
11 47 83 119 155 191 227 263 299 335 37.1 40.7

—F m, =1GeV
0.1} b
o 001}
= S JURN,
o)
81073
=
- N S o
o 10~ : l "
Z Sl :.....: |
107> Fry=1 - '--;
DM—
B Fomecl/g v 4
"""" Fpmecl/q
107’ .

1 2 3 4 5 6 7 8 9 10 11
quanta (electrons)
Essig, Fernandez-Serra, Mardon, Soto, TTY [1509.01598]



threshold dependence

E, [eV]
11 47 83 119 155 191 227 263 299 335 37.1 40.7

1 = m, =1GeV
0.1} St :
- : |
: b
Q 001t ; | E
S : feeeed ==
o [ . -
R 1073 5 '
E i R Bl ]
I ‘ '
: (0 S S P
zZ " © S -
_ Lo [s)
107k Fpm=1 =
----- Fpmoecl/ o
1075} pMET <
"""" Fpmecl/q A7
1077

1 2 3 4 5 6 7 8 9
quanta (electrons)
Essig, Fernandez-Serra, Mardon, Soto, TTY [1509.01598]



threshold dependence

E, [eV]
11 47 83 119 155 191 227 263 299 335 37.1 40.7

H—F m, =1GeV
0.1
g 001}
<
— C
'U L
,Qﬁ 1073
= :
=
(@) L
S 10 c 5
s ©0
107°¢ "5 £
o9
107%¢ L .g
LO)
1077

1 2 3 4 5 6 7 8 9 10 11
quanta (electrons)

Essig, Fernandez-Serra, Mardon, Soto, TTY [1509.01598]



threshold dependence

E, [eV]
1.1 4.7 83 119 155 19.1 227 263 299 335 37.1 40.7

m, =1GeV
m, = 10 MeV

0.01

Normalized rate

1 electron
threshold

1 2 3 4 5 6 7 8 9 10 11
quanta (electrons)

Essig, Fernandez-Serra, Mardon, Soto, TTY [1509.01598]



threshold dependence

10~34 XENON10

i : —41i - —
10~42 i 10 le s

Fpm=1 1 kg=year E 10—42; FDMocl/q2 1 kg—year
\I‘ E\\\\‘ 1 1 \\\\\\‘ 1 1 \\\\\\‘ 1 1 \\\\\\‘

‘ L ‘ L ‘ L
1 10 102 10° 1 10 102 10°
m, [MeV] my [MeV]

Essig, Fernandez-Serra, Mardon, Soto, TTY [1509.01598]



threshold dependence

le™

Fpm=1

K
1,
(0) XENON100
%

—

Si

1 kg—=year
Nl

L ! L]
10 10?2

m, [MeV]

10°

10734
10—35

10—36

1077

| 2107
. b
10740
1074

107*

1073

XENON10

Se”
le™ S
Fpmecl/q? | kg—year
m, [MeV]

Essig, Fernandez-Serra, Mardon, Soto, TTY [1509.01598]




threshold dependence

1036 -f{% XENON10
: ©, XENON100
10 \
T
C%10—39 7 :
lb% 1074
; : :
® @ @
requires new experimental techniques
1 10 102 103 1 10 102 10°
m, [MeV] my [MeV]

Essig, Fernandez-Serra, Mardon, Soto, TTY [1509.01598]



* HEISING-SIMONS
W  SENSEl "

Fermilab
Sub-Electron-Noise Skipper CCD Experimental Instrument




silicon CCD detector
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skipper readout

standard CCD skipper CCD

Readout-noise: 3.5 e RMS Readout-noise: 0.06 e RMS
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DM-electron scattering
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sub-GeV DM direct
detection

Dark matter-electron scattering in noble liquids,
semiconductors, and organic molecules

Dark matter-nuclear scattering through the Migdal
scattering and bremsstrahlung

Absorption of light dark matter, including axion-like
particles and dark photons.

Dark matter scattering off collective modes in
molecules and in crystals (including phonons, plasmons
and magnons)



“Migdal” scattering
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1. DM scatters
with nucleus

3. electron cloud
rejoins nucleus
and ionizes
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2. nucleus moves
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electron cloud
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“Migdal” scattering
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“Migdal” scattering

relies on “Migdal” approximation:
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sub-GeV DM direct
detection

Dark matter-electron scattering in noble liquids,
semiconductors, and organic molecules

Dark matter-nucleus scattering through the Migdal
scattering and bremsstrahlung

Absorption of light dark matter, including axion-like
particles and dark photons.

Dark matter scattering off collective modes in
molecules and in crystals (including phonons, plasmons
and magnons)
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sub-GeV DM direct
detection

Dark matter-electron scattering in noble liquids,
semiconductors, and organic molecules

Dark matter-nuclear scattering through the Migdal
scattering and bremsstrahlung

Absorption of light dark matter, including axion-like
particles and dark photons.

Dark matter scattering off collective modes in
molecules and in crystals (including phonons, plasmons

and magnons) [ses Tongyan Lin's tak]




