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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
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challenges

computation of form factors — utilize solid state
codes and run on a cluster

reaching 1-2 electron thresholds

* readout noise — can minimize by increasing
time of readout

* E-field used to drift the electrons may produce
dark current — fundamentally limits the
sensitivity
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SENSEI

Sub-Electron-Noise Skipper CCD Experimental Instrument

Whats next: Installation @MINOS & low radiation package

Technology demonstration: installation at shallow underground site )

£& Fermilab
J. Tiffenberg

24 SENSEI collaboration meeting March 10, 2017



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

Ibe, Nakano, Shoiji, Suzuki [1707.07258]
Baxter, Kahn, Krnjaic [1908.00012]
Essig, Pradler, Sholapurkar, TTY [1908.10881]
Liang, Zhang, Zheng, Zhang [1912.13484]
Liu, Wu, Chi, Chen [2007.10965]

1. DM scatters
with nucleus

3. electron cloud
rejoins nucleus
and ionizes
electron

2. nucleus moves
relative to
electron cloud



https://arxiv.org/abs/1908.10881

“Migdal” scattering

relies on “Migdal” approximation:

electron cloud does not change during /‘ DM
nuclear recoil induced by the dark matter 4
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“Migdal” scattering

relies on “Migdal” approximation:

electron cloud does not change during /’ DM
nuclear recoil induced by the dark matter 4
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“Migdal” scattering

relies on “Migdal” approximation:

electron cloud does not change during O
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“Migdal” scattering

Dark Matter Detection With Bound Nuclear Targets: The Poisson Phonon Tail

Yonatan Kahn, Gordan Krnjaic, Bashi Mandava

Dark matter (DM) scattering with nuclei in solid-state systems may produce elastic nuclear recoil at high energies and single-phonon excitation at low
energies. When the dark matter momentum is comparable to the momentum spread of nuclei bound in a lattice, gy = 1/2mywy where my is the mass
of the nucleus and wy is the optical phonon energy, an intermediate scattering regime characterized by multi-phonon excitations emerges. We study a I T
greatly simplified model of a single nucleus in a harmonic potential and show that, while the mean energy deposited for a given momentum transfer g is |

equal to the elastic value q2/(2mN), the phonon occupation number follows a Poisson distribution and thus the energy spread is AE = g4/wo/(2my). |
This observation suggests that low-threshold calorimetric detectors may have significantly inc ’ o T ’ ’

expectation from elastic scattering, even when the energy threshold is above the single-phont Describing M|gda| effect with bremsstrahlung_ ike process and many-
for phonons above the elastic energy. We use a simple model of electronic excitations to argu bOdy effects

ionization signals induced from DM-electron scattering or the Migdal effect. In well-motivatec

|t dark photon, we show that these signals can probe experimental milestones for cosmological Zheng-Liang Liang, Chongjie Mo, Fawei Zheng, Ping Zhang
thermal target for Majorana fermion DM.

[~ 2]

Recent theoretical studies have suggested that the suddenly recoiled atom struck by dark matter (DM) particle is much more

Comments: 6 pages, 3 figures, plus supplementary material likely to excite or lose its electrons than expected. Such Migdal effect provides a new avenue for exploring the sub-GeV DM
Subjects: High Energy Physics - Phenomenology (hep-ph); Cosmology and Nongalactic Astrophysics ( particles. There have been various attempts to describe the Migdal effect in liquids and semiconductor targets. In this paper
Report number: FERMILAB-PUB-20-588-T we incorporate the treatment of the bremsstrahlung process and the electronic many-body effects to give a full description
Cite as: arXiv:2011.09477 [hep-ph]

of the Migdal effect in bulk semiconductor targets diamond and silicon. Compared with the results obtained with the atom-
centered localized Wannier functions (WFs) under the framework of the tight-binding (TB) approximation, the method
proposed in this study yields much larger event rates in the low energy regime, due to a w4 scaling. We also find that the

]_0_25 NI T effect of the bremsstrahlung photon mediating the Coulomb interaction between recoiled ion and the electron-hole pair is
10—26 E \ “ equivalent to that of the exchange of a single phonon.
4 N7

Comments: 9+5 pages, 6 figures

The M ig d al eﬁect i nsem ico n d ucto rs Subjects:  High Energy Physics - Phenomenology (hep-ph); Materials Science (cond-mat.mtrl-sci)

Cite as: arXiv:2011.13352 [hep-ph]
Simon Knapen, Jonathan Kozaczuk, Tongyan Lin (or arXiv:2011.13352v1 [hep-ph] for this version)

(or arXiv:2011.09477v1 [hep-ph] for this version)

1V - |

When a nucleus in an atom undergoes a collision, there is a small probability to inelastically excite an electron. This is -
known as the Migdal effect. In this Letter, we present a first complete derivation of the Migdal effect from dark matter--

nucleus scattering in semiconductors, which also accounts for multiphonon production. The rate can be expressed in terms

of the energy loss function of the material, which we calculate with density functional theory (DFT) methods. Because of the ol I L

&, [cm?]

smaller gap for electron excitations, we find that the rate for the Migdal effect is much higher in semiconductors than in 10 102 103
atomic targets. Accounting for the Migdal effect in semiconductors can therefore significantly improve the sensitivity of [M V]
experiments such as DAMIC, SENSEI and SuperCDMS to sub-GeV dark matter. MpMm ¢

SEI collaboration [arXiv:2004.11378],

Comments: 5+11 pages. Comments welcome

) : . o _ph): Hi hvsics - . hep—
SL.JbJects ng'h Energy Physics - Phenomenology (hep-ph); High Energy Physics - Experiment (hep-ex) 3.ReV.Lett. 125 (2020) 17. 171 802
Cite as: arXiv:2011.09496 [hep-ph] ’

(or arXiv:2011.09496v1 [hep-ph] for this version) .
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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)



photoelectric effect
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photoelectric effect
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theory models

Dark matter-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)



dark matter candidates
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collective modes
sensitive to sub-MeV DM

e phonons: collective excitation of atoms in a crystal
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* magnons: collective excitation of electron spin

* sensitive to spin-dependent interactions (DM-coupling to electron spin)

e there are also plasmons (collective excitation of electrons)...

see work by e.g. A. Caputo, A. Esposito, E. Geoffray, Y. Kahn, S. Knapen, G. Krnjaic, S. Griffin, T. Lin, T. Melia,
A. Mitridate, A. D. Polosa, S. Rajendran, S. Sun,T. Trickle, Z. Zhang, K. Zurek, ...


https://arxiv.org/abs/1807.10291
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dark photon absorption
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Transition Edge Sensors with Sub-EV Resolution And
Cryogenic Targets

. Athermal Phonon Collecton Fins (A)

HeRALD

The TESSERACT Dark Matter Project
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dark matter candidates

color centers

migdal scattering

magnetic bubbles nuclear

superfluid helium
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optical phonons, magnons, dirac metals



