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LAST TIME IN HAMBURG 2011

Concluding remarks

Essentially all bases covered.

"Stacking” methodology big step forward

— We have reached the predicted Syr sensitivity (optimistic) already now

— currently constraining thermal WIMP cross-section for masses < 30
GeV (bbar, mumu+) including J-factor uncertainties

— Improvement by around a factor 4-5 until the end of the Fermi-LAT
mission (only with dwarfs).

All-sky diffuse analyses: challenging.

Line features: robust analysis, clear signature, but detector
can fool

Close to submission/internal refereeing: Dwarf stacking,
DM Satellites, update on line search, further down:
clusters, anisotropies, halo.

Looking ahead: “vanilla” CTA will be competitive above
~300 GeV.

Jan Conrad, Oskar Klein Centre, Stockholm Universitet

Disclaimer: | have an ongoing bet for XENONNT/LZ
to discover WIMPsS



DARK SECTOR
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KINEMATICS OF DIRECT DETECTION

2
Ep = Zq Amax = 2Mpyv ~ v~1073
My

o Nucleon scattering

yields
ED"’leV > mDM"’lOO MeV

2
m 1%
Epin = D; ~100 eV

o Electron scattering

yields
Ep~1eV > Mpy~1 MeV

) .
MppV Might want to go
Ekin = ——~1¢€V to ~keV




COVERED IN THIS TALK
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(2 v to deploy 100e) )
: - For detalls and

experiments
targeting nuclear
scattering (e.g
CRESST etc)

ongoing R&ID
2018 ready to start project
Sub-GeV Dark (2 yT to deploy 1 kg)

Matter (Electron UAY1) charge ready to start project

Interactions) iquid Xe TPC (2 y1 to deploy 10kg)

Scintillator .
Battaglieri et al:

Ll - e S i1707.04591

Detector
Avalanche Ioniza- vr 10kg detector
tion Amplification vr 10kg detector
vr fab prototype

vr data

o After the future: Quantum Materials for Dark Matter
(QM4DM)



2D TARGETS (E.G. GRAPHENE)

Hochberg et al, Phys. Lett. B 772 (2017) 239

Detect “secondaries” — loose Keep directional information if
directional information: detect primary

DN\\ electron

@
¢ “secondary
electrons




PTOMELY-G3

o Graphene-based

o Main purpose:
detection of the
cosmic neutrino
background

o Phase I: directional
dark matter detection

o Phase |l: CvB

o Prototype approved
for move to LNGS

A\ Proposal for Thermal Relic Detection of Massive Neutrinos

Barrachini et al
1808.01892

tional Detection of MeV Dark Matter




GRAPHENE FIELD EFFECT
TRANSISTOR (G-FET)

o The graphene nobel prize was for noting .
noticable conductivity changes of graphene s
(in FET configuration) -for added or
removed single electrons.

Geim et al, 2004

o Small band gap introduced by cutting into

ribbons (~.8eV/width(nm)), I.e. meV gap

o removing/adding electron makes FET
conductive - source/drain current.




DETECTOR CONFIGURATION

Stacked planar arrays of G-FETs
Directionality by FET-to-FET propagation

FET-to-FET hopping
Vpm ~220 km/s trajectory

\EM
\
Electron /
Trajectory f
(In vacuum)

Graphene
FETs

1kg ~ 10'%m? ~ 109 cm?®



BACKGROUNDS

o Large surface - cosmic rays - underground (LNGS)

o Can you imagine what is the main problem?

o source identified with low enough contamination (10-41)

o High radio-purity wafer-level fabrication proven by e.g.

CDMS Jastram et al. NIM-A 772: 14-25

Controllable at face value.



REACH

XENON
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PTOLEMY-G3
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Background-free 95% C.L. sensitivity for
graphene 1-kg-year (black) and 10° cm®
(10* cm<) (orange)

Program to launch end of 2019



SUPERCONDUCTING DETECTORS

Hochberg+ JHEP 1608 (2016) 057

o Simple idea:

o 'band-gap” becomes binding energy of Cooper pairs

BT

A~ 0.3 meV

o Interaction produces long-lived (~us) quasi-particles and
phonons



SUPERCONDUCTING DETECTORS

Hochberg+ JHEP 1608 (2016) 057

|:| Superconducting Substrate (Al)

I:' Insulating layer

. TES and QP collsction antennas (W)

. SuperConducting Bias Rails (Al)




REACH

Battaglieri et al:
arxiv:1707.04591

Why IS
this not
better?
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Light dark photon mediator, not good for
accelerators.



AFTER THE FUTURE:QM4DM

o Advances in solid state physics allow to quantum-engineer materials

o Detect small energy deposition

Hochberg et al

o Directional sensitivity
o Optical properties
o Magnetic properties ( AXIONS)

o Boundary conditions:

o Affordability(graphene is at 1 USD/cm?)

o Chemical proerties, safety etc,etc,etc

o Example: Dirac material (c.f. graphene) with tunable meV band gap and
optical properties



A STRAW MAN EXAMPLE

o Consider target wish: small band gap

o Can we systematically look for a material that has this property?

Geilhufe,Oolsthorn,Kahlhoefer, Ferella,Conrad, Balatsky
Physica Status Solidi RRL 2018, 1800293



ORGANIC MATERIALS DATA
BASE

o Free to use:
omdb.diracmaterials.org

o band structures, density of states
calculatedoby density functional
theory

o = 27.000 Materials stored
o 3D organic crystals

o Advanced data mining tools:
found ~50 meV band gap




QM4DM

Collaboration with
Alexander Balatsky (NORDITA)

Machine
Learning for
finding new
materials

Algorithm

development

problem driven generative models produce
New materials authentic fake data -

for detection of

dark matter Provides well defined

test bed for novel Generate custom-made

New way of field of material

Sl D formatics material trained by data
experimental bases!

design




CONCLUSIONS

o New parameter space In direct detection Is started to
be explored - dark sector dark matter in the sub-GeV
range -> technology is the drive

o A dozen or so experiments realized within the next five
to ten years = we don’'t know what is going to work!

o EXciting times leveraging recent advances in solid state
physics - taylor-made target materials.



ORGANIC DIRAC MATERIAL

SCAN
| ----- SCAN+SOC

Linear crossing gapped out by spin-orbit coupling
Band gap ~ 50 meV, much smaller gaps should
be possible



EXAMPLE 1: DIRAC MATERIALS

o Dirac materials suggested for MeV DM
detection (e.g. Hochberg et al Phys.Rev. D97
(2018) no.1, 015004)

o well defined enrgy momentum relation
(Dirac Fermions)

o nodes In spectrum protected by symmetry
— symmetry breaking induces tiny gaps

o Examples: graphene, topological
iInsulators, Weyl semimetals, . . .

o OMDB: pattern matching for linear
crossing or reference density of states







THE THEORETICAL
FRAMEWORK

o Scalar DM, dark photon (massive, so better Z') mediator
(production: freeze-out)

o Dirac Fermion, dark photon mediator (production: assymetry)

o ELDER (elastic scattering via dark photon exchange)

o SIMP (Strongly Interacting Massive Particles) 3->2 annihilations
o Majorana Fermion with velocity suppressed intearctions.

o Freeze in, dark photon exchange.

o Dark photon dark matter



