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Current ideas about particle DM genesis

At some early cosmological epoch of hot Universe, with temperature T >> DM mass,
the abundance of these particles relative to a species of SM (e.g. photons) was

Normal: Sizable interaction rates ensure thermal equilibrium, Npw/N,=1. Stability
of particles on the scale #),,iersels required. Freeze-out calculation gives the required
annihilation cross section for DM -> SM of order ~ 1 pbn, which points towards weak
scale. These are WIMPs. (asymmetric WIMPs are a variation.)

Very small: Very tiny interaction rates (e.g. 10-'° couplings from WIMPs). Never in
thermal equilibrium. Populated by thermal leakage of SM fields with sub-Hubble rate
(freeze-in) or by decays of parent WIMPs. [Gravitinos, sterile neutrinos, and other
“feeble” creatures — call them super-WIMPs]

Huge: Almost non-interacting light, m< eV, particles with huge occupation numbers of
lowest momentum states, e.g. Npwu/N,~100. “Super-cool DM”. Must be bosonic.
Axions, or other very light scalar fields — call them super-cold DM.

Many reasonable options. Signatures can be completely different.

Macroscopic DM? Primordial Black holes, of course. But this is not the only
possibility. Topological and non-topological solitons, clumps of DM etc.
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Topic of WIMPs was
dominated by SUSY
neutralinos for a long time.
In the absence of any
experimental hints at SUSY
at the LHC, the focus
shifted to other models.

Current discussion of DM
increasingly shifts away

from SUSY to other
“minimalistic” options.

Mass range of possible
WIMPs is much larger than
originally envisaged by Lee
and Weinberg.



Implication of the successful stream of Xe-

based DM experiments
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Interpreting recent LZ results for the Higgs-
mediated scalar DM model
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Interpreting recent LZ results for the Higgs-
mediated scalar DM model
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Next frontier — loop-mediated EW interaction
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Implication for electron recoil?
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This direction can still .
and investment
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1. ~MeV scale dark matteKin Energy = m¥/2 ~ (10%)°MeV~eV.
Below the ionization threshold!

2. Stronglyinteracting subdominant component of Dark Matter.
Thermalizes before reaching the underground lab,
Kinetic energy KT ~0.03 eV

(Typically cannot be entire DM, but is limited to fraction f<}0

Below the ionization threshold!



Direct detection, scattering of DM on
electrons, 2017 slide

Main Science Goal |Experiment Target ‘Readout ‘Estimated Timeline ‘
SENSEI Si charge ready to start project
(2 yr to deploy 100g)
DAMIC-1K Si charge ongoing R&D
2018 ready to start project
Sub-GeV Dark (2 yr to deploy 1 kg)
Matter (Electron UA'(1) Xe charge ready to start project
Interactions) liquid Xe TPC (2 yr to deploy 10kg)
Scintillator w/ |GaAs(Si,B) light 2 yr R&D
TES readout 2020 in sSCDMS cryostat
NICE; Nal/Csl |[Nal light 3 yr R&D
cooled crystals Csl 2020 ready to start project
Ge Detector w/|Ge charge 3 yr R&D
Avalanche loniza- 1 yr 10kg detector
tion Amplibcation 1 yr 100kg detector
PTOLEMY-G3, graphene charge 1 yr fab prototype
2d graphene directionality 1 yr data
supercond. Al cubg Al heat 10+ yr program

o (cm?)

10734

1075
10736 -
10757 -

10738

No limits

X freeze out

galactic

XENON100
XENON10

0.01

0.1 1

10

mpm (MeV)

100C

100

I For a given DM mass particle, in the MeV and sub-MeV range, the recoil energy
of electrons 1s enhanced compared to nuclear recoil by M,.4¢/my,

I Sensitivity to energy depositions as low as 10 eV — reality now.

I Near future — O(1eV) sensitivity and below. Impressive SENSEI results in 2020.

I Huge number of proposals: using superconductors, graphene, Weyl semimetals, ,
DNA, to push threshold lower: '



Main limitation of light WIMP searches
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Are there any “’fast” DM particles?
Galactic escape velocity /

l

DM velocity

Case 1: DM scattering on electrons. Case 2: DM scattering on nucl
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$?'CDE3'&>#3$P%7;1<'?1'%"%>$771&
' (An, MP, Pradler, Ritz, PRL 2018, An, Nie, MP, Pradler, Ritz, 2108.10332,
Emken, 2102.12483)

I DM can scatter inside the Sun and get accelerated above the 1onization threshold

— 10 em?  — 107 cm?

"""" 10%em?> — 107 cm?
- R

— 1078 cm?

refl O
2 Earth

| Initial kinetic energy mg: (vg ){/2 with vg ~10¢ (that has an endpoint at ~600
km/sec )can be changed by scattering with electrons, Vo,g (2 Ty of/Mo)( ~ up to
0.1 c. In particular E o;/g00406@0 become larger than Eq.15301+

| Huge penalty in the flux of “reflected” DM ~ 10)4
alo 489 core 2 core

LA wd 3 (RlRA.Ug 0N’ Reore, 0 <K 1pb,
4 Sy (13235) " ge > 1pb.

(I)reﬂ ~




Contact mediator, limits on o,

0.1 1 10
mpp (MeV)

only electrons electrons and protons

An, Nie, MP, Pradler, Ritz, 2017, 2021

I Large Xe-based detectors improve sensitivity to cothrough reflected flux.

I If the scattering on 1ons is very strong, it can degrade energy of escaping
particle and soften the constraining power.

I See also similar investigation by Emken 2021.



Massless mediators, limits on o,
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An, Nie, MP, Pradler, Ritz, 2108.10332

I Large Xe-based detectors improve sensitivity to cothrough reflected flux.

I Second case, massless mediator = milli-charged dark matter, XelT is

sensitive to Qq,~10° €.
1%



Light DM accelerated by cosmic rays

There is always a small energetic component to DM finxngmann
PospeloyPRL 2019 otherg due to interaction with cosmic rays.

Typically: MeV DM mass' eV kinetic energy sub-eV nuclear
recoils.No limits for 6,,,eonom fOr DM in the MeV range.

This is not quite true because there is always an energetic comp:
for DM, not bound to the galaxy. Generated through the very san

Interaction cross sectiow;

Main idea: Collisions of DM - o~ G
with cosmic rays generate sub -, "
dominant DM flux with ~ 100 .
MeV momentur®perfect for BEaL
direct detection type recoil.
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. .. Dark matter traffic jam
Rapid thermalization

. i il
Flux conservationv, N, = ncoming particles

Vterminal nlab-

Terminal sinking velocity is
determined by the effective
mobility and gravitational forcing

2 " 3
M&asN™! Vi #

Vterm -

Change in velocity from incomin

~ 10’ cm/s to typical sinking
velocity of 10 cm/s (for a 10Gbn

o) resultsin n, ~ 13 n,,,. Not MP, Rajendran, Ramani 2019 MP,

visible to direct detection. Ramani 2020, Berlin, Liu, MP,
Ramani, in prep

At masses < 10 GeV upward flux
IS Important and density goes up.
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FIG. 3. Maximum nuclear target recoil energies ER® for dark matter upscattered by beams of protons (left) or carbon (right)
with kinetic energies E, = 0.4 MeV (solid) and E, = 1.0 MeV (dashed) for a selection of target nuclei.
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Nucleus-DM potential
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