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Direct Proof of Dark Matter May
Lurk at Low-Energy Frontiers

Mysterious effects in a new generation of dark matter detectors could herald a revolutionary
discovery
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Overview

* Kinematics of Sub-GeV DM

* Current Constraints
- ER Searches
- NR Searches
- Summary of Excesses

* Modeling Excesses
- Yield comparison
- Elimination of SM Processes
- Brief plasmon description

* Possible DM Interpretations
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What Drives Low-Mass Detector Reach?

5

» Dark matter mass determines two
quantities: local dark matter number
density and recoil energy distribution

» Mass density set by
astrophysical constraints

~~

2

» For low mass, sensitivity is limited E,
by your energy threshold; lighter
particles will transfer less energy to
your target, and heavier nuclei will
further suppress this transfer

» For high mass, increasing mass
decreases number density; heavier
target provides larger cross-section
and therefore more exposure
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What Drives Low-Mass Detector Reach?

 Dark matter mass determines two

N4 7

quantities: local dark matter number 100 L — e {7
density and recoil energy distribution | % o, WK onan MSSMp19 —
> CMSSM
« Mass density set by 1042 | gﬁ »c 10®
astrophysical constraints - % \
T 10% 2N
* For low mass, sensitivity is limited £ -
by your energy threshold; lighter FJba 10746 | 10°10
particles will transfer less energy to L
your target, and heavier nuclei will 1048 | Low Mass 10712
further suppress this transfer | 1
1050 L o i, b ol 4914
* For high mass, increasing mass 1 10 102 10° 10*
decreases number density; heavier m, (GeV)
target provides larger cross-section
and therefore more exposure mo My Uy 2 mivi
AFE = 5 ((m +mT)> Nm(mx<<m'r)
» Low mass detectors can be small, " mT,U)zc
as long as they have low energy ~ T (my >>m7)
thresholds!
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Collision Kinematics

* Recoil energy for typical DM velocity
depends on target mass and recoill

type

* Electron and nuclear recoils have

different kinematics; nuclear recoils are

simple elastic collisions, electron

recoils are largely inelastic and depend

on electron orbital and kinematics

within the bound electron-atom system

* |[n addition to momentum transfer for a

fixed velocity, using a velocity and

angular distribution yields an expected

energy spectrum
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Collision Kinematics

* Recoil energy for typical DM velocity

8

depends on target mass and recoill
type

Electron and nuclear recoils have

different kinematics; nuclear recoils are

simple elastic collisions, electron

recoils are largely inelastic and depend

on electron orbital and kinematics
within the bound electron-atom system

In addition to momentum transfer for a
fixed velocity, using a velocity and
angular distribution yields an expected
energy spectrum

2
AENR < ngnaw — 7 2
5%

1 myv>
AEpp < = 2 —
ER = QMNXU 2 (mx + mpy
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Collision Kinematics
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Recoil energy for typical DM velocity 10° ]
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Revised DM Kinematics

10

Free-particle regime (DM KE > keV):

- DM interactions probe core electrons

- DM will liberate nuclei with energies > 1keV),
- Interaction can be treated pseudo-classically

Bound-particle regime (DM KE < eV)
- Electron interactions frozen out
- Lattice defects can’t be created

- Only relevant processes are phonon creation in
solid-state materials

Collective Regime (DM KE > eV, < keV)

Corresponds to the MeV - GeV mass regime

Energy depositions comparable to inelastic
energy scales

Detailed band structure important for electron
recoils

Liberation of free nucleon from the lattice not
guaranteed; energy loss mechanisms important

3/15/2021 Noah Kurinsky

Electron Wavefunction and Binding Energy Comparison

9 Published limits Essig et. al.

\ E,; from Ibe et. al.

DB, Kahn, Krnjiac [arXiv:1908.00012]
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Low Mass (< GeV) Dark Matter

1073
« Dark matter in the keV-GeV mass range can 1073}
produce the correct DM relic density if we 107321 i
introduce a new mediator between the DM and 10-33L
SM 10—34;_
= 10_35;—
 Consider a massive ‘dark photon’ mediator 5 03¢
coupled to a heavy particle which does not IE I
interact with SM as the only particles in a new il
‘dark sector’ 1078
- If the mediator is heavier, dark matter can freeze out for 10" i 7
the right coupling strengths in the same way as WIMP 10~ ‘\‘ /{N(}c.n iiei FZFESJ;ﬁ 3
DM 10—41; .“.‘.‘-,‘. t"':ézéo.s? timescale ' ]
- If the dark photon is the lighter particle, it can ‘freeze in’ ol e ] sold/dahedjdoted lines J
. ; . 10~ O vl vl v vl vl e il vl
as tthel heavy DM deCayS Into dark phOtonS and SM 10—3 10—2 10—1 100 101 102 103 104 105 106 107
particles m, [MeV]
* Much of the simplest parameter space
completely unconstrained in the freeze-in
. _ 4 2 02 m2
scenario due to the momentum suppression 9D IpYsny
(cav) x 2 (oAV) X 3
: X M oed
* Lots of theory work done on these models in the Secluded Direct
last few years and multiple workshop reports ecluae Irec
& Fermilab
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DM Search Strategies

Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30Mg

1 e

<€ -> <>
QCD Axion WIMPs
: —ﬁ <
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
<€ > <€ >
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
<> <€ >
Post-Inflationary Axion Asymmetric DM
<€ >
Freeze-In DM
<>
SIMPs / ELDERS
3¢ Fermilab
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DM Search Strategies

Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV pueV meV eV keV MeV GeV TeV PeV 30Mg,

H—>

Inelasticity

<>
Black Holes

onary Axigon

Nuclear
Recoll

Resonance

* New mass ranges considered in dark-sector DM interactions are also where
understanding material inelasticity becomes most important!

$& Fermilab
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Detecting DM Recoils

The dictionary is complicated!

charge makes
heat

An incomplete compilation

light (S1):

charge makes light (S2) heat makes light

For traditional WIMP DM, signals and mapping between primary event and end-
stage signal well-calibrated. For light DM and low thresholds, not so much!

[Figure courtesy F. Pefriccal

T — ——
Figure from Yonatan Kahn
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High Resolution CCDs: DAMIC, SENSEI, DANAE*

coherent elastic scattering

- Electron and nuclear recoils produce
electron-hole pairs in Si, which are stored in
pixels during the exposure

- Charges moved to set of charge amplifiers
during readout
- Single read noise limited by charge amplifier and
electronics noise

-« Skipper CDDs capable of non-destructive read;
can re-sample the same pixel and arbitrary
number of times

Readout '11me |ms/pix]
102 107! 10° 10!

100 N S .

Readout Noise [e™ rms/pix|

- Arbitrarily low resolution (in ideal case) at the
expense of readout time. Very large dynamic

10° 10! 102 103

range, excellent position resolution and event camplospr P
|
1500f

 No differentiation between paired and :
unpaired charge carrriers; operation at ~100K 1000f
ensures some thermally generated carriers

Tiffenberg et. al. 2017 (arXiv:1706.00028) e *”f;l‘ — 'C%T '[ ]
arge [e~

2= Fermilab
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https://arxiv.org/abs/1706.00028

Athermal Phonon Sensors (SuperCDMS, EDELWEISS)

16

In any recoil event, all energy eventually returns to the
phonon system
* Prompt phonons produced by interaction with nuclei

+ Indirect-gap phonons produced by charge carriers reaching
band minima

« Recombination phonons produced when charge carriers drop
back below the band-gap

Phonons are also produced when charges are drifted in
an electric field; makes sense by energy conservation
alone

Total phonon energy is initial recoil energy plus Luke
phonon energy, as shown at right

Ephonon — Erecoil +V x Neh

— Erecoil [1 + V % (y(Erecoil) )]

Eeh

Athermal phonons collected in superconducting
aluminum fins and channeled into Tungsten TES,
effectively decoupling crystal heat capacity from
calorimeter (TES) heat capacity

3/15/2021 Noah Kurinsky
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Comparison of ER Experiments (2018)

httos //arX|v org/abs/ 1206.2644
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Comparison of ER Experiments (2019)

https://arxiv.org/pdf/1901.10478.pdf
httos //arX|v org/abs/ 1206.2644
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HVeV Run 2

|
o
=

1035 1 { {
—— HVeVR2
10—27% ~—— HVeV R1 -10° N
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10-29 ' 1 GeV/c?, 0-15% T -
N ' 1072 O
e 10 Z , It T e 10732
& ; ' - A — | U
s 105 0
' » bl - )]
: v {1075
10_35; L | e i |]i_I —GLﬁ
10-97§ _ 1. i ML 5 -7
[F bm — 1] 100 200 500 600 O
10790 Total phonon energy (eV)
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* HVeV second run taken with 3 eV resolution detector over the course of 3
weeks:
- 60V and 100V spectra show identical backgrounds; signal seen not voltage dependent
- Different prototype, run in a different lab, in a different state
- OV data acquired with ~12 eV threshold, results still being analyzed
- Rates in every charge bin consistent with Run 1...that is completely unexpected

$& Fermilab
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Comparison of ER Experiments (2020)

https://arxiv.org/abs/2003.01046

https://arxiv.org/abs/2004.11378
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https://arxiv.org/abs/2004.11378

Du et. al. 2020 (ArXiv:2011.13939)

Cerenkov Photon Backgrounds

Top view

HVeV data

Cherenkov estimate ( f ~ 0.0016) |

—_

1 2 3 4 5 6
n clectron cvents

« Reduction of SENSEI background correlated with lower background and rejection of photons
near high-energy tracks
» Recent paper demonstrated that the R1/R2 backgrounds can be explained by Cherenkov

photons from mount PCBs
- Also explored transition radiation, which is next leading background at the gram-day level

$& Fermilab
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HVeV Run 3 Status

 Science run currently underway with 3
detectors (including detectors used for
Runs 1-2, and a third new design)

- Using coincidence in time to reject bursts of

Cherenkov photons

- Building model of leakage pileup to project
component of single charge leakage in second

electron-hole pair bin

- Still expect single-electron bin is instrumental

* Run started 12/23, officially ended 2/9

- Accumulating ~1 g-days per calendar day
- Estimate ~40 g-days of exposure by end of run

* Quick turn around expected on analysis,

new results by June 2021

- Many auxiliary science results to follow on OV-

HV correlations

22 3/15/2021 Noah Kurinsky
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Semiconductors Summary

23

Intriguing coincidence of rates

Different Depths

Different Shielding
Different Exposures

Different Composition

Different Temperatures

Different Pressures

Readout Type| Target Resolution Exposure Threshold Excess Rate (Hz/kg) Reference
Ge 1.6 e 80g-d 0.5 eVee (~1e™)*" (20, 100] EDELWEISS [6]

Charge (E.) Si ~0.2e” 0.18g-d | 1.2eVee (<le™) [4e-2,4] SENSEI (4]
‘ Si 0.1e" 0.5g-d 1.2 eVee (<1 e) (10, 2000] CDMS HVeV [3]

Si 1.6 e 200 g-d 1.2 eVee (~1e™) 1 x107%, 7] DAMIC (7]

Unlike nuclear recoil: these are integrated total rates!

3/15/2021
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Semiconductors have tiny thresholds
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All Sub-GeV DM Searches

Many others also observe excesses

24 3/15/2021
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Readout Type| Target Resolution Exposure Threshold Excess Rate (Hz/kg) | Depth Reference
Ge 1.6 e~ 80g-d | 0.5eVee (~le)? [20, 100] .7 km | EDELWEISS [6]
Charge (E.) Si ~0.2 e~ 0.18 g-d | 1.2eVee (<le™) [4e-2,4] 100 m | SENSEI [4]
© Si 0.1 e 0.5g-d | 1.2eVee (<le™) (10, 2000] ~1 m |CDMS HVeV |[3]
Si 1.6 e~ 200 g-d | 1.2 eVee (~le™) [1 <1072, 7] 2km | DAMIC [7]
Ge 18 eV 200 g-d 60 eV > 2 ~1 m |[EDELWEISS [1]
Energy (Eget) |CaWOy 4.6 eV 3600 g -d 30 eV >3 x107? 4 km| CRESST-III [2]
Al O3 3.8 eV 0.046 g-d 20 eV > 30 ~1m | vCLEUS [8]
Xe |6.7 PE (~0.25¢7)| 15kg-d | 12.1 eVee (~14 PE) 0.5, 3] x10~* 4 km|[XENON10 [5, 9]
Photo e Xe (6.2 PE (~0.31e7)| 30 kg-yr | ~70 eVee (~80 PE) > 2.2 x107° 4 km| XENON100 [5]
Xe < 10 PE 60 kg -yr [~140 eVee (~90 PE > 1.7 x107° 4 km| XENONI1T [10]
Ar |~15PE (~0.5e¢7)|6780 kg-d 50 eVee >6 x1074 4 km| Darkside50 [11]

2= Fermilab




All Sub-GeV DM Searches

Readout Type| Target Resolution Exposure Threshold Excess Rate (Hz/kg) | Depth Reference
Ge 1.6 e~ 80 g-d 0.5 eVee (~1le™ )? [20, 100] 1.7 km | EDELWEISS [6]
Charge (E.) Si ~0.2 e~ 0.18 g-d 1.2 eVee (<1 e™) [4e-2,4] 100 m SENSEI [4]
° Si 0.1 e 0.5g-d | 1.2eVee (<le™) (10, 2000] ~1 m |CDMS HVeV [3]
Si 1.6 e~ 200 g.d | 1.2 eVee (~le” 1 x10°° 2 km | DAMI

Energy (FEget)

Ge

CaWO4

EDELWEISS [1]
CRESST-III 2]

AlgOg I/CLEUS [8]
Xe 0.7 PE (~0.2b€ Q- C .1 evee (~14 P 0.0, 3] X10 = 1.2 km | XENONTIO [5, 0
Bhoto o Xe [6.2 PE (~0.31e7)| 30 kg-yr | ~70 eVee (~80 PE) >2.2 x107°  |1.4 km| XENON100 [5
oro € Xe <10 PE 60 kg - yr |~140 eVee (~90 PE)| > 1.7 x107¢  |1.4 km| XENONIT [10]
Ar |~15PE (~0.5e¢7)|6780 kg-d 50 eVee >6 x1074 1.4 km | Darkside50 [11]
Many others also observe excesses
-Edet readout: total rate unknown, hard to compare
3¢ Fermilab
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Excesses in NR Experiments (Early 2020)

-----------

Sharp rise
below lkeV
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Excesses in NR Experiments (Early 2020)
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Sharp rise
below lkeV
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Excesses in NR Experiments (Early 2020)
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104 i Excluded WIMP model: 1.0 GeV/c?, 1.6 x 10732 cm?
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Excesses in NR Experiments (Early 2020)
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Excesses in NR Experiments (Mid 2020)
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https://arxiv.org/abs/2007.15622
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https://arxiv.org/abs/2007.14289

Excesses in NR Experiments (Mid 2020)
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Excesses in NR Experiments (Mid 2020)
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https://arxiv.org/abs/2007.14289

Plans ER/NR for Follow-up — 0V —— 100V —— 0V5Co
— 60V —— 60 V>Co
* 1 gram-day of OV data taken o4
- Determine whether background is NR, A .
ER, or detector-related © _/-/
- Continuous readout will allow NR limit 3 2 /
with 9eV energy threshold L%L Va /
. 1 f 2
- Coming late 2020 z f ,—,-L/ /_/
o o/, /[ [/
_ 2 4 6 8 10 12 14 16
* More data taking at NEXUS Time (Davs)
- Currently operating underground, L ]
constructing lead shield N 32 Viwsholl et § | o
- 3 eV resolution maintained in new 08 ' ; p/
facility > s
2 06 :ﬁ
5 ¥
» Plans for larger payload, § o4 4
additional studies w/ high-energy o g
gamma sources, different detector < | i Preliminary
paCkaging 0 e 25 S0 75 mo Ds B0 Us o
True energy [eV]
3¢ Fermilab
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All Sub-GeV Searches

4.6 eV

Readout Type| Target Resolution Exposure Threshold Excess Rate (Hz/kg) | Depth Reference
Ge 1.6 e~ 80g-d 0.5 eVee (~1e™)* (20, 100] 1.7 km | EDELWEISS |[6]

Charge (E.) Si ~0.2 e 0.18g-d | 1.2eVee (<le) [4e-2,4] 100 m | SENSEI [4]
‘ Si 0.1e” 0.5g-d | 1.2eVee (<le ) (10, 2000] ~1 m |CDMS HVeV (3]

Si 1.6 e 200 g-d 1.2 eVee (~1e™) 1 x10°%, 7] 2 km DAMIC (7]
Ge 18 eV 200 g-d 60 eV > 2 ~1 m EDELWEISS [1]
Energy (Faet) 3600 30 e >3 x107? 1.4 km | CRESST-III (2]

6.7 PE (~ 0.25¢ )

6.2 PE (~ 0.31e7)| :

< 10 PE

~15 PE (~ 0.5¢")

6780 kg - d

12.1 eVee (~14 PE)

~T70 eVee (~80 PE)

~140 eVee (~90 PE)
50 eVee

Many others also observe excesses

0.5, 3] x10™*
> 2.2 x10°°
> 1.7 x107°°
> 6 x10°4

-Edet readout: total rate unknown, hard to compare

XENON10 [5, 9]
XENON100 [5]
XENONIT [10]
Darkside50 |11

-XENON10 measures total rate, but excess is much smaller
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All Sub-GeV Searches

Many others also observe excesses

-Edet readout: total rate unknown, hard to compare

Readout Type| Target Resolution Exposure Threshold Excess Rate (Hz/kg) | Depth Reference
Ge 1.6 e 80g-d 0.5 eVee (~1e™)* 120, 100] 1.7 km | EDELWEISS |[6]
Charge (E.) Si ~0.2 e 0.18g-d | 1.2eVee (<le) [4e-2,4] 100 m | SENSEI [4]
‘ Si 0.1e” 0.5g-d | 1.2eVee (<le ) (10, 2000] ~1 m |CDMS HVeV (3]
Si 1.6 e 200 g-d 1.2 eVee (~1e7) 1 x10°%, 7 2 km DAMIC (7]
Ge 18 eV 200 g-d 60 eV > 2 ~1 m EDELWEISS [1]
Energy (Ege:) | CaWO, 4.6 eV 3600 g-d 30 e >3 x107? 1.4 km | CRESST-III (2]
Al, () 3.8 ¢ ) )46 g - ¢ ) ¢ 30 ~ ] p .
6.7 PE (~ 0.25¢ ) - 12.1 eVee (~14 PE) 0.5, 3] x10™* XENON10 [5, 9]
6.2 PE (~ 0.31e7)| ¢ ~70 eVee (~80 PE) > 2.2 x107° XENONI100 [5]
< 10 PE ~140 eVee (~90 PE) > 1.7 x10°° XENONIT [10]
~15 PE (~ 0.5¢7)|6780 kg - d 50 eVee >6 x107* Darkside50 [11

-XENON10 measures total rate, but excess is much smaller

-XENON10/100/1T rates all similar for same threshold

2= Fermilab
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Excesses in Liquid Nobles (Early 2020)
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“believed to be from electrons trapped and subsequently released by impurities” (time correlation observed)
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Also Earlier this Year...

* Every [public] XENON S2-only T ——
. o - o tEre., Bernstein et al [arXiv:2001.09311]
analysis has observed a “dark rate . et
| —_— e
* Taken together, these rates are not b t et e e,
inconsistent! S 107 T
* This likely points to a source of dark 2> 1T .
rate which scales as exposure = 10°F _\_\_\—\_‘ |
* ...but could pointto DM of order 100 < | ___ 100 MeV DM
MeV at ~thermal cross section (just =107 Light Mediator
like the plasmon interpretation of the 2 XENONI10
semiconductors) ~ 107 I XENONI100
* ...particularly if you take into account 06t | XENONIT
Migdal contribution at lower n, which o T
at this mass would be additive to 10" 10
electron scattering signal! Number of electrons

=> DB, Kahn, Krnjiac [arXiv:1908.00012]

Slide Courtesy of Dan Baxter
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Depth Dependence 10t

;:B Kurinsky, DB, Kahn, Krnjaic [arXiv:2002.06937]
» Si/Ge Excesses show weak = 107 T
to no depth dependence 8 j I T
_ S 1001
- Upcoming datasets from Rl
SuperCDMS at SNOLAB (CUTE ¢ - — Germanium
facility) and Fermilab @ MINOS {10 :gli&?g Rl i I
(NEXUS facility and SENSEI) will g ALO: ) 1
add lower variance data points g 10~ - — Xenon
> Argon e
;5 - - .\"‘Il%on Flux (Hz/cny ) iR
. . . . lO—(i ; X ~,
Sapphire detector is highest L0 e
excess rate Rock Depth (m)
» Lowest excess in LXe and
LAr, intermediate rate in MINOS Hall (SENSEI, SuperCDMS*)

Ca203

 Rates correlate with material SNOLAB/Gran Sasso/Modane (DAMIC, EDELWEISS,
more than depth Xenon, DarkSide, SuperCDMS”)

$& Fermilab
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Determining Signal Origin

Readout Type| Target Resolution Exposure Threshold Excess Rate (Hz/kg) | Depth Reference
Ge 1.6 e 80g-d | 0.5eVee (~le)? 20, 100] 1.7 km | EDELWEISS [6]

Charge (E.) Si ~0.2 e~ 0.18 g-d | 1.2eVee (<le™) [4e-2,4] 100 m | SENSEI [4]
© Si 0.1 e 0.5g-d | 1.2eVee (<le™) (10, 2000] ~1 m |CDMS HVeV [3]

Si 1.6 e~ 200 g-d | 1.2 eVee (~le™) [1 <1072, 7] 2km | DAMIC [7]
Ge 18 eV 200 g-d 60 eV > 2 ~1 m |[EDELWEISS [1]
Energy (Fget) |CaWOy4 4.6 eV 3600 g -d 30 eV >3 x107? 1.4 km | CRESST-III [2]

Al O3 3.8 eV 0.046 g-d 20 eV > 30 ~1lm | vCLEUS [8]
Xe |6.7 PE (~0.25¢7)| 15kg-d | 12.1 eVee (~14 PE) 0.5, 3] x10~* 1.4 km|XENON10 [5, 9]
Photo e Xe (6.2 PE (~0.31e7)| 30 kg-yr | ~70 eVee (~80 PE) > 2.2 x107° 1.4 km| XENON100 [5]
Xe < 10 PE 60 kg - yr [~140 eVee (~90 PE) > 1.7 x107° 1.4 km| XENONI1T [10]
Ar |~15PE (~0.5e¢7)|6780 kg-d 50 eVee >6 x1074 1.4 km | Darkside50 [11]

* First line of inquiry is to figure out if this is primarily an interaction with
electrons or nucleons

39 3/15/2021
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Determining Signal Origin

Readou DC AT oe R esolution XDOSUTE hresholg X CO Rate (Hz/ko) | Depth Reference
Charge (E.) 3 ~0.2e 0.18 g-d | 1.2 eVee (<l e [4e-2,4] 100 m ENSEI [4
° Si 0.1 e 0.5g-d | 1.2eVee (<le™) (10, 2000] ~1 m |CDMS HVeV [3]
Sj 1.6 e~ 200 g - d 1.2 eVee (~le~ 1 x10°° 2 km DAMI
nergy (Lget) |CaWOy 4.6 eV 600 g - d D eV > 3 x10 4 km| CR -
Al; O3 3.8 eV 0.046 g-d 20 eV > 30 ~1m | vCLEUS [§]
Xe [6.7PE (~0.25¢7)| 15kg-d | 12.1 eVee (~14 PE) 0.5, 3] x10~* 1.4 km|XENON10 [5, 9]
Photo - Xe |6.2 PE (~0.31e7)| 30 kg-yr | ~70 eVee (~80 PE) > 2.2 x107° 1.4 km| XENON100 [5]
Xe < 10 PE 60 kg - yr [~140 eVee (~90 PE) > 1.7 x107° 1.4 km| XENONI1T [10]
Ar |~15PE (~0.5e¢7)|6780 kg-d 50 eVee >6 x1074 1.4 km | Darkside50 [11]

* First line of inquiry is to figure out if this is primarily an interaction with
electrons or nucleons

* The EDELWEISS data allows us to compare a total energy spectrum to a
charge energy spectrum; the ratio of these values for a given energy helps
identify the source of the events

$& Fermilab
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Determining Signal Origin

10* &= —10°
T T T E EDELWEISS Data E
== Background Model Excluded DM model F,, = 1/
105 Analysis Threshold (60 eV) 0.5 MeV/c?, 6= 3.5e-29 cm’
= 4 Data 103 ——— 100 MeV/c?, o= 2.4e-33 cm’ e
R/ - Excluded WIMP model: 50 MeV/c?, 9.0 x 1072 cm? - 10
E e Excluded WIMP model: 100 MeV/c2, 7.0 x 1073 ¢m? SE
q:>_> 4 Excluded WIMP model: 1.0 GeV/c?, 1.6 x 10732 cm? >8 i 2
£ Migdal Spectra - F 5
o ~
= =
3 2 =
c ~
Gy 3 o S5 10 6 2
310 ; 8 E 10°5
- >
: L ’
= H+ l‘ m‘ * 1
A = 1 5
= 102 I | 0
1 :I 1 L L L L L 1 I||||| Il L l
0.03

j—! . |
15
Energy [eV, ]

1 2 107 30
Energy [keV]

Charge Yield

€eh
E.=F, Eg.
dt[y( dt)+e‘vdet

Energy = Epet

* Conversion from total deposited energy (left) to charge production (right) will
proceed differently depending on whether initial energy is given to electrons
or nucleons
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Relaxation via Phonons

600 T
Si |
~60 meV | BT g | =
~8 ' /0/ NS __,.—J
: N~
T_ 400— L |
E 5
N i \\ / \/\\//
£ 0l SR \ /
/0 . ,o_oiO-gm).o_g.o_O‘o\ / % /\
o] . i \go g y
o N
| N
OF KI X I L X W L DOS —
Wavevector g

« Normal processes for hot carrier relaxation are impaction ionization (liberation of additional
electrons) and phonon emission

- Electon-phonon relaxation calculated via deformation potentials; high energy electrons always emit highest
energy phonons

- Electron energy cost finite and well characterized

- Nucleon-phonon coupling more complex, energy cost of defects much less well understood (needs to be fit
phenomenologically)

* Not defined beyond the phonon limit; relaxation of 10 eV nucleon largely un-modeled

42
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\ Crystallographic

Substitutional larger atom
o) O O o O o} O o} o (o} O O

Relaxation via Quasiparticle Creation

6
Vacancy O o o O 0 o] (o] (o] (o]
y\_’/ ™ Frenkel

ir
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)
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EineV

o © O o o o e o o o o o

Electronic

© o6 o ©0 0o o[0o o o o o o

I
I
I
—10 I ©o o o o o o\o o o o o o
rl I rl 2 .
| Substitutional smaller atom

L N\ I A X U,K 2 I
Si K
* Electronic excitations metastable in bulk material, energies and interactions well known
- Electrons de-localized, strictly quantum mechanical

* Nuclear excitations myriad, energy highly dependent on momentum four-vector
- some stable, some metastable, timescales poorly characterized
- creation energy much greater than defect energy

$& Fermilab
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Modeling Electron-Recoil Charge Yield

* For recoil energy Er, we expect a j j
i i i L e All to one, a =0 ]
linear relationship between Ee and 5 Ko - -Equal Split, a — o i
Er for electron-recoil processes : K Uniform split, o =1 |

. 4.5 - Epoe <12 eV -
- Poorly measured with photons below g « Scholze et al. ]
100 eV (only one reference) R Splined best fit w/ extrapolation
- No measurements of charge yield for S :
energy between ~5 eV and ~100 keV T S 1 —aspoipeted
for electrons or protons . S
3 . ]
* Need this conversion to be able to )5 Gl ]
Hicon 1
compare Ee and Edet results. f ]
- If we believe it’s linear across all e —
energy scales, we can make some E, [eV]
general observations Ramanathan and Kurinsky, https://arxiv.org/abs/2004.10709
* Indirect measurements come from i €, 7
e
— |
Electron Energy Loss Fe = Fget y(Edet) |
Spectroscopy (EELS) I e Vier
$& Fermilab
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https://arxiv.org/abs/2004.10709

Understanding Low-Energy NR Yield

f™ 0.5
5 0375
{) ; L
- — — — —
= Ge :
. I . -
107 E -
= Jones (75) -
[ o COGENT —
= TEXONO —
: v Messous
107 | .’ Shutt =
- i » Chasman -
- A Lindhard -
n _ -..=. Model |
X l Numeric
10—_ . il sl i i PR ». 1
1072 107 10  Eg(keV)

Error

https://arxiv.org/pdf/2001.06503.pdf

06 W T
04 ;_. ....................... \ .........................................................................................................
02 ;_ ........................... .A\ ............ TS o o w7 R — -‘ ..........
oE N =il o= :
1 - I M | 3
Zech
= Brian .
i . CHICAGO |
2 ; « ANTONELLA
10 = ‘ - Lindhard E
= : ----- Model ]
B ——— Numeric -
-3 A PP | 2 PR |
107! 1 10 10?
Eg (keV)

* NR charge yield completely un-measured in Si below ~500 eV, very few measurements below 1 keV in Ge
- LHe/LAr have a similar problem, but preliminary results suggest highly non-linear response in the low-energy region

« Consensus growing in the field that ~300 eV NR events will not generate charge in Si/Ge, similar effects for other

solid-state detector technologies
- Phenomenological model fits ~150 eV loss to nuclear lattice effects

 Displacement thresholds in Si/Ge are ~20-40 eV; at this scale, the picture off a recoiling nucleus is incorrect. Where
between 20 eV and 1 keV does this really start to break down?
- Plasmon has an energy of ~17 eV in both materials (24 eV in Al203)
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Electron Recoil Interpretation

Electron Recoil Interpretation (y=1)

—— E. Spectrum (Meas)

>
©
2
—— Mei and Barker Electron Recoil O 109 - :
10° - —— Extrapolated —— 1 Electron § Electron Recoil
: —— Poisson with A = 0.25 V2 U Eget Threshold
—-— Truncated 0 :
u + :
“2 v 107 > 100x too high S
o
z o \ -
G & — . —_—
“6 10—1_ ------------------------ | 101 102
,g ] Ee (eV)
3
s - -
€
eh
S |
Ee — Edet y(Edet) | v
02 . | . | ) det
10° 101 102 103 104

Recoil Energy (eV)

ER only prediction can’t fit under black curve: BAD FIT
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Elastic Nuclear Recoil Interpretation

Fraction of Energy in E.

47

—— Mei and Barker

10° -

—-— Truncated

10—1_

10—2 . |

Electron Recoil

—— Extrapolated —— 1 Electron
-=--Constant —— Poisson with A =0.25

[
o
(o]

=
o
~

Elastic Nuclear Recoil Interpretation

- —— —
~.

10° 101 102
Recoil Energy (eV)

10°

104

Rate (Events/keV/kg/day)

~ 20x top high ---- Lindhard High

—— E. Spectrum (Meas)

—— Lindhard Nominal
—-— Lindhard Low
------- Eget Threshold

L

o w

NR only prediction can’t fit under black curve: BAD FIT
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Elastic Nuclear Recoil Interpretation

€eh
Ee = Eget y(Edet) + V
€ Vdet |
1010 Plasmon Interpretation
—— Mei and Barker Electron Recoil —— E. Spectrum (Measured)
1004 — Extratpoltated — ;Elecmn‘th/\ s S PR Individual Charge Contributions
] - anstan —  POISSOoN Wi =0. .
—— Truncated 10° - —— Measured Eget + Inelastic Ee
oY % —— Measured Eget + 1e™
£ % ------- Eget Threshold
> ~
(@)} -~
2 T 10°;
S ﬁ Modeled Rate (Lower Bound) Always
% lo-1 2 Below Measured Rate
g ] | g
s i Do
(9] N&
o !
= ! &
[
[ 1064 .7
[
0_2 . ! . ' ' st . ' ' ' .
10° 10! 102 103 104 10! 102
Recoil Energy (eV) E. (eV)

Model can fit under the black curve: OV spectrum is consistent
with HV spectrum only for highly inelastic yield curves
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Consider Semiconductor Plasmons

Long wavelength charge oscillation between electrons/ions
>> lattice spacing

phonons (momentum)

Plasmon excitation energy

4dTan,
b, ~ \/ -

H/_/

plasmon (energy)

Low-P standing wave decays to e/h pairs or phonons

Breaks usual charge heat yield relationship

$& Fermilab
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Electron Energy-Loss Spectroscopy (EELS)

recoil e-
incident e-
(semi relativistic)

semiconductor
1
0-87 Ge Edet ~ Ep ~15 eV
0.6- independent of initial velocity
04 Ep ~15 eV
0.2- Qualitatively different
. charge/heat yield relation

10 0 10 20 30 40 S0 €0 70
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Electron Energy-Loss Spectroscopy (EELS)

recoil e-
incident e-
(semi relativisti
Material |Plasmon Energy E; (eV)|Width I' (¢V)
Si 16.6 3.25
Ge 16.1 3.65
Al203 24.0 [28] ~5
L GaAs 16.0 4.0
Xe (Solid) 14-15 [29] ~ 4
Ar (Solid) 19-21 [29] ~5
.’ -
¢ CaWoO, Unknown -’15 eV
0.6 - TABLE I1. Plasmon energies in various materials. Crystal val- | ¢+ :
ues taken from Ref [30] unless otherwise referenced. We were lltlal VGIOClty

unable to find measurements of plasmon features in CaWOyq,

0.4 - and expect that it has a much weaker plasmon resonance than

the other crystals considered here. It is significant to note that _ |

the solid forms of the noble elements show strong resonance hffer ent
features; the liquid forms do not.

Y ——
0 T T ="l=ﬁ

10 0 10 20 30 40 S0 €0 70
Energy Loss (eV)

0.2+
-eld relation
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Possible Sources of Excesses at Low Energy

* SM Backgrounds?

- Neutrinos
Photons
Protons/Electrons
Muons

Neutrons

* Experimental Effects?
- Crystal Cracking

Non-poissonian leakage

Low-frequency noise

Earthquakes

Your Model Here
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Possible Sources of Excesses at Low Energy

Most abundant terrestrial neutrino flux

* SM Backgrounds?

- e —
- Photons Gallium _jChlorine | Superk, SNO
- Protons/Electrons o) 2
M o0 g/’ﬁ o Can’t make plasmon
- Muons o
SR T
- Neutrons o 1:r | - o 2B (B 2
5o B Mg 7Y \400keV
o ;
. z. 10'!'
* Experimental Effects? / eV inC
: 0% } need ~ 16 eV 1n Ge
- Crystal Cracking o
- Non-poissonian leakage Wores s o
- Low-frequency noise Neutrino Energy (MeV)
- Earthquakes Rpp = Nae®pposo? ~ 2.3 x 107°Hzkg™! ... and flux too low

Your Model Here

10— e ———
Figure from Gordan Krnjaic

* New Physics?
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Possible Sources of Excesses at Low Energy

* SM Backgrounds?
- fecunnioo
- Photerns =
- Protons/Electrons
- Muons
- Neutrons

* Experimental Effects?
- Crystal Cracking

Non-poissonian leakage

Low-frequency noise

Earthquakes

Your Model Here

* New Physics?
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S(w) as a function of energy transfered by the incident

— RPA
Hubbard

—— Hartree-Fock

— TW

— UT

—— Tmatrix

-~ Energy (eV)

The different plots represent different
approximations of $(q,w) (different local field
corrections G(q,w)

We see that near the plasmon
frequency, S(w) goes as high as
25; which means the Compton
differential cross section on
silicon valence electrons is
around 25 times the differential
cross section on free electrons.

At these low q, S(w) is
dominated by plasmons, and
we should therefore see a peak
above the compton scattering
background caused by
plasmon production.

Emile Michaud Photon Production of Plasmon Talk

Small Enhancement to Compton Rate
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https://indico.cern.ch/event/776181/contributions/3358428/attachments/1854282/3045119/Plasmon_Production5.pdf

Possible Sources of Excesses at Low Energy

* SM Backgrounds?
- fecunnioo
- Photerns =
- Protons/Electrons
- Muons
- Neutrons

* Experimental Effects?
Crystal Cracking
Non-poissonian leakage
Low-frequency noise
Earthquakes

Your Model Here

* New Physics?
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SENSEI Observes some reduction in low-
energy charge excess with additional shielding,
possibly indicative of gamma-induced
secondary radiation (can’t explain CRESST)
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Possible Sources of Excesses at Low Energy

* SM Backgrounds?
- ecuunioo
- Potemgs =
sl e —
- Muons
- Neutrons

* Experimental Effects?
Crystal Cracking
Non-poissonian leakage
Low-frequency noise
Earthquakes

Your Model Here

* New Physics?
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Protons/Electrons: mean free path too small,
single scattering not possible for thick detectors

(also true for < 1 keV photons)
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Possible Sources of Excesses at Low Energy

* SM Backgrounds?
- ecuunioo
- Potemgs =
sl e —
- Musms
- Neutrons

* Experimental Effects?
- Crystal Cracking

Non-poissonian leakage

Low-frequency noise

Earthquakes

Your Model Here

* New Physics?
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10()

Integrated Excess Rate (Hz/kg)

10,

102 .

— Germanium I

Kurinsky, DB, Kahn, Krnjaic [arXiv:2002.06937]

—Silicon T~ ~~_ I

- —CaWO0, T~
Al,O4 ljadl
_ — Xenon T I
Argon B N
- - = Muon Flux (Hz/cm?) ILR
100 10! 10? 10°

Rock Depth (m)

Direct Production by Muons not possible...has
to be non-linear, metastable coupling. More
data can fully rule out depth dependence.
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Possible Sources of Excesses at Low Energy

* SM Backgrounds?

- TS

s Photemg = | Possible in principle

=—RrotoTs e TTireTS Neutron could scatter nucleus, excite secondary plasmon
-= Meems Possible calibration strategy

- Neutrons 7

Baxter, Kahn, Kurinsky, GK [in preparation]

* Experimental Effects? Hard to explain all excesses this way
Crystal Cracking

- Non-poissonian leakage Different Depths
g . J Different Shielding Why is the neutron flux
- Low-frequency noise Different Exposures independent of these factors?

Earthquakes
Your Model Here

Different Composition

T

Slide from Gordan Krnjaic
* New Physics?
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Possible Sources of Excesses at Low Energy

* SM Backgrounds?
- e —
- Photemg =

sl e —
- Musms
- Neutrons ?

* Experimental Effects?

101 | 101
- —— HVeV R2
——— HVeVR1 100
B 2 2
1 GeV/c4, 1/q 10-1 ©
1GeV/c?, 0-15% T c
.0
110 3%'
:I : 10—44—1
3
¢ 1105 2
‘;" m
[1 i | 10_6
1y il ||
I WF B A e 6 -7
100 200 300 400 500 600

Total phonon energy (eV)
__ Technology and detector dependent, Should not

Crystal Cracking +—
Non-poissonian leakage
Low-frequency noise
Earthquakes

Your Model Here

* New Physics?
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produce charge, could produce heat only signals
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Possible Sources of Excesses at Low Energy

* SM Backgrounds?
- ecuunioo
- Potemgs =
sl e —
- Musms
- Neutrons ?

* Experimental Effects?
- Crystal Cracking ?

Non-poissonian leakage

Low-frequency noise

Earthquakes

Your Model Here

* New Physics?
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101 | 101
— — HVeV R2
——— HVeVR1 100
— 1GeV/c?, 1/q? 10-1 §
1GeV/c?, 0-15% T c
s
10 3%'
[l 10742
L _ GC)
¢ 1105 2
‘;" m
[1 A | 1_10_6
1y i ||
I WF B A e 6 -7
100 200 300 400 500 600

Total phonon energy (eV)
No known mechanism for correlated leakage
Shouldn’t be the same for CCDs (100K) and
Calorimeters (10 mK)
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Possible Sources of Excesses at Low Energy

* SM Backgrounds?

L ™ I ---- Background Model
EPRTteme = 1Pk \ Analysis Threshold (60 eV)
F Data
O — C Excluded WIMP model: 50 MeV/c2, 9.0 x 102 cm?
i Excluded WIMP model: 100 MeV/c?, 7.0 x 10730 ¢cm?
- MEIGHQ 104 Excluded WIMP model: 1.0 GeV/c?, 1.6 x 10732 c¢m?

- Neutrons ? Migdal Spectra

—_
-

w
LLL | T T TT11

* Experimental Effects?
- Crystal Cracking ?

Number of counts [evts/keV]

—_
-
(]

LLRLL] T T IT11

e=nlon-oaleconionlooloan, |

- Low-frequency noise o Energy [keV]

- Earthquakes T—

- Your Model Here Far too many events, which looks like real pulses,

too far above threshold (30-50 sigma)
* New Physics?
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Possible Sources of Excesses at Low Energy

* SM Backgrounds?
- ecuunioo
- Potemgs =
sl e —
- Musms
- Neutrons ?

* Experimental Effects?
- Crystal Cracking ?

e et et et

e=autreananasaainay
e==arthenalkear

- Your Model Here

* New Physics?

62 3/15/2021 Noah Kurinsky

Remaining options are highly non-linear,
metastable couplings, odd types of photon or
neutron flux that do not respect shielding, or some
new physics.

More background modeling encouraged...help us
understand this!

At what point do we start to decide that this really
could be dark matter?
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Direct Plasmon Production DM Model

63

DM couples to electrons. X phonons (momentum) X
¢ (6% s ® | |
\ /
Direct plasmon production ‘.: : ":
occurs as it does for electrons, e ‘ot B
but with a much longer mean —

plasmon (energy)

free path

- Calibrated by EELS...plasmon
definitely produced

1079

DM has to be faster than the

SN1987A

Stellar Cooling

\® -7
escape velocity E 0
- It should be an accelerated IS
subcomponent, which can be 107°
produced in supernovae or in the
sun 101 - -
Freeze-In
0° 10+ 10° 102 10 10° 10 10°
my |GeV]
$& Fermilab
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Nuclear Recoil DM Model

* DM couples to nucleons.

* Plasmons and phonons (and a
little bit of charge) produced as
nucleus relaxes

- Defect energy cost is ~10-20 eV in
Si/Ge, higher in sapphire

64 3/15/2021 Noah Kurinsky

o

Nucleus

./>X
@

Nucleus Egjo1~10eV

Recoil
Energy

+ Plasmon & Phonons
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Nuclear Recoil DM Model

X N e
* DM couples to nucleons. .\A
* Plasmons and phonons (and a : ‘\A

ittle bi Nucl
little bit of charge) produced as ucleus Nudeus  Ey,~10 eV
nucleus relaxes
- Defect energy cost is ~10-20 eV in

Recoil
Energy

+ Plasmon & Phonons

Si/Ge, higher in sapphire
mx
* Nucleon-plasmon cross-section
has never been measured or

calculated Parametrize our ignorance

$& Fermilab
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Recoil
Energy
Nucleus

* DM couples to nucleons. Nuceus  Ey~10eV

+ Plasmon & Phonons

Nuclear Recoil DM Model

DD limits assuming only elastic scattering channels

* Plasmons and phonons (and a 107! -,f";i::::\qDMS\HV
. : 8L N SEve TTNITS<L
little bit of charge) produced as I EDELVERS  owm
nucleus relaxes
- Defect energy costis ~10-20eVin
Si/Ge, higher in sapphire b=
k3
. bg
* Nucleon-plasmon cross-section
has never been measured or | XENON};\\ =
calculated - NG
10737} Equal proton/electron couplings \5\\\\ ~
* All dashed experiments see 10° 10" 10° 10°
excesses my [MeV]
mx
2& Fermilab
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Nuclear Recoil DM Model

* DM couples to nucleons.

* Plasmons and phonons (and a
little bit of charge) produced as
nucleus relaxes

- Defect energy cost is ~10-20 eV in
Si/Ge, higher in sapphire

* Nucleon-plasmon cross-section
has never been measured or
calculated

* All dashed experiments see
excesses
- Preferred region at 30-1000 MeV

3/15/2021 Noah Kurinsky

‘ Recoil
Energy
Nucleus :

Nucleus E4oi~10eV

+ Plasmon & Phonons

DD limits and excess region assuming y-plasmon excitation

10—24 |

10—25 |
| CMB .

10—27 |
1072} Milky Way Satellites /’/
10—29 n
10—30 i
10—31 i
10—32 i
10—33 i
10—34 i
10—35 i
107301 P
10—37 i N —

10_38 =r.’.'..’————

o, [cm?]

-
-
-
-
-
-
-
-
-
-
-
-
-

CRESST II

P

R 20 Hz (P Op 100 MeV
kg \0.1 6 x 10—34 cm? My
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X X
Nuclear Recoil DM Model o ® @

Recoil
Energy
Nucleus :

* DM couples to nucleons. . Nudew  Eg~10eV

+ Plasmon & Phonons

x-plasmon excitation in semiconductors, my = 3m,.ap = 0.5

* Plasmons and phonons (and a 104 5 \mm//
Ilttle blt Of Charge) prOduced as 10-32] Accelerator Bounds i
nucleus relaxes | CRESST 111

l() 33 i

- Defect energy cost is ~10-20 eV in
Si/Ge, higher in sapphire

10t Asymm. DM

|

CRESST 11

()%

o, [cm?]

* Nucleon-plasmon cross-section
has never been measured or

Thermal DM

calculated D
107 o o N \
* All dashed experiments see 10° 10° 10° 10°
EXCEeSses my [MeV]
- Preferred region at 30-1000 MeV 3
- Dark photon model viable! LD —mQA' A AT 4 A (kediy + 9pJp),

$& Fermilab
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First-Principles Calculations: Plasmon Bremsstrahlung

* Follow-up study calculates
plasmon production due to
NR with a single phonon in 1032
the final state |

. . . 10~
- Kinematics are distinct from i
those described previously, but 107 |
set a lower bound on the total — |
= 107
rate = ]
- Bound is already comparable 210736 |
. S
to migdal, and suggests that .
total rate is much larger when 107 F
accounting for multi-phonon 10738 |
scattering  Frea(q) = 1 Kozaczuk and Lin [arXiv:2003.12077]
10—39 |
_ _ _ 102 10~ 10"
« Sits at the opposite regime m,, [GeV]

compared to the NR charge
yield calculations, coming
from NR-phonon scattering
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Moving Forward Topic of EXCESS workshop, June 15/16, 2021

* Push forward calibration efforts to better under NR detector response and
role of collective effects below 1 keV

* Building collaboration to push forward understanding of 10 eV to 1 keV ER/
NR response in semiconductors

70

3/15/2021

Snowmass2021 - Letter of Interest

Sub GeV DM-Nucleon Scattering via Collective Excitations:
The Inelastic Regime.

Thematic Areas:

B (CF1) Cosmic Frontier: Dark Matter: Particle Like
B (TF9) Theory Frontier: Astro-particle physics and cosmology

Contact Information:
Daniel Baxter (U. Chicago) [dbaxter@kicp.uchicago.edu]

Authors: Daniel Baxter (U. Chicago), Kim Berghaus (Stony Brook), Rouven Essig (Stony Brook), Yonit
Hochberg (Hebrew University), Yonatan Kahn (UIUC), Gordan Krnjaic (FNAL), Noah Kurinsky (FNAL),
Josef Pradler (Institute of High Energy Physics, Austrian Academy of Sciences), Alan Robinson (U. de
Montréal), Mukul Sholapurkar (Stony Brook), Tien-Tien Yu (U. Oregon).
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keV - / FEG
Dielectric Function Formalism
. Al, Si
* In the low-energy regime, we can express -
electromagnetlc interactions in terms of the loss 5 | Siband gap |
funCtIOn: C\, e I R R R A N I R I R R I R R R R R R !
|
d%o 2 \2 (wg) S(q.w) e2 i |
—— =Tgle1-e2)" | — |« W), To= ) :
d€2sdhws 0t™1 W 9 07 me2 URu,Si, :
* This same language can be used to describe DM / | '
interactions, because the structure factor is only meV (IO UERIBESEIC Y |, = 1 Gel
. . . . . . . T | T T T T
determined zby mteractlc;ns within the target material: oV ke\/ MoV
d’q q 1
I(vy) = VP [2% m (-5 ;
(2m)? e? €(q,wq) - Light Mediator
10 34 ;
. The loss function is weII-characterlz.ed in the 155 | Existing Constraints
literature, and toy models exist for different types of ; —~
materials - doesn’t require detailed DFT calculations 107 5 Bxample Freeze-In Model ~______2~7 7
10—37 _
* Upcoming paper explores a handful of new ‘z .
materials with data and toy models, reducing & |
turnaround on material exploration from years to U
- Also allows us to determine generic features of a material § - éku -
useful for DM detection in different models 1074 4 o o
] E— 1rac
10_42 . T L T L T L T L T L T o
_ 1073 1072 107! 10° 10! 102 10?
Berggren, Hochberg, Kahn, NK, Lehman, Yu, ArXiv:2101.08263 Dark Matter Mass [MeV]
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keV - / FEG
Dielectric Function Formalism
. Al, Si
* In the low-energy regime, we can express -
electromagnetlc interactions in terms of the loss 5 | Siband gap |
funCtIOn: C\, e I R R R A N I R I R R I R R R R R R !
|
d%o 2 \2 (wg) S(q.w) e2 i |
—— =|rgle1-e2)" | — |- W), To= ) :
d€2sdhws 0t™1 W 9 07 me2 URu,Si, :
* This same language can be used to describe DM / | '
interactions, because the structure factor is only meV (IO UERIBESEIC Y |, = 1 Gel
. . . . . . . T | T T T T
determined zby mteractlc;ns within the target material: oV ke\/ MoV
d’q q 1
I(vy) = V@P][2% m (-5 )| ;
(2m)? e? €(q,wq) - Light Mediator
10 34 ;
. The loss function is weII-characterlz.ed in the 155 | Existing Constraints
literature, and toy models exist for different types of ; —~
materials - doesn’t require detailed DFT calculations 107 5 Bxample Freeze-In Model ~______2~7 7
10—37 _
* Upcoming paper explores a handful of new ‘z .
materials with data and toy models, reducing & |
turnaround on material exploration from years to U
- Also allows us to determine generic features of a material § - éku -
useful for DM detection in different models 1074 4 o o
] E— 1rac
10_42 . T L T L T L T L T L T o
_ 1073 1072 107! 10° 10! 102 10?
Berggren, Hochberg, Kahn, NK, Lehman, Yu, ArXiv:2101.08263 Dark Matter Mass [MeV]
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keV - / FEG
Dielectric Function Formalism
| Al Si
* In the low-energy regime, we can express - i y
[l [ [ [l /
electromagnetic interactions in terms of the loss 5 | Sibandgap |
funCt|On: C\, e s ss s s s s sE s RN E RN A AR R R R I ......
|
(120' -)( )-) (WZ) S'( ) (172 ] I
— =rgle1-e2)” | — )| S(q.w). Lo = : ' :
ddhay [0 o )79 me” URu,Si, |
- This same language can be used to de$gribe DM / |
interactions, because the structure factortis only meV -G Y | 1, = 1 GoV
determined by interactions within the target material ) | ' - ' | L
\ , cV keV MeceV
d‘ q q 1 ‘7
r) = [ GrklV@P[2% m (- 5 )| 7
(2m)3 e? e(q, wq) 1054 Light Mediator
* The loss function is well-characterized in the | " .
_ _ ) 10-35 4 Existing Constraints
literature, and toy models exist for different types of -
materials - doesn’t require detailed DFT calculations 0%y | Exemple FreczeInModel g 7]
10—37 _
* Upcoming paper explores a handful of new ‘Z —
materials with data and toy models, reducing © :
turnaround on material exploration from years to 107 4
- Also allows us to determine generic features of a material § - ﬁ% .
useful for DM detection in different models 1074 4 . o
] E— 1rac
10_42 . T L T L T L T L T L T TorTrTTT
_ 1073 1072 107! 10° 10! 107 10°
Berggren, Hochberg, Kahn, NK, Lehman, Yu, ArXiv:2101.08263 Dark Matter Mass [MeV]
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Conclusions

* Many experiments have begun to see low-energy excesses that are consistent with
DM when inelasticity of the medium is accounted for.

* There is not a consistent story of a background or DM signal that can conclusively
explain all excesses

- Some excesses are likely un-modeled backgrounds related to secondary and tertiary production of
low-energy photons and charged particles

- Other excesses, which do not scale with shielding or environment, are harder to explain

- Rates are strongly dependent on the medium used to detect events, and seem to correlate with
the degree of regularity of the medium

* We are probing a regime in which DM is viable, and material responses are largely
uncalibrated

* There is a ton of growth potential and discovery potential in these mass and energy
regimes!
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