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Disclaimer

« impossible to do justice to the title of the talk within 30
min when going at reasonable pace (provided dlickable references)

* biased selection mandatory — choice of ‘hot topics’ along
the ‘low’ DM mass scale from the sub-eV to MeV scale

* even presenting a selection only, not all | talk about is my
expertise, tried to talk to experts as much as possible

(acknowledgements & thanks given after conclusions)
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Disclaimer

« impossible to do justice to the title of the talk within 30
min when going at reasonable pace (provided dlickable references)

* biased selection mandatory — choice of ‘hot topics’ along
the ‘low’ DM mass scale from the sub-eV to MeV scale

* even presenting a selection only, not all | talk about is my
expertise, tried to talk to experts as much as possible
(acknowledgements & thanks given after conclusions)

* impossible to prepare talk adapted to everyone's
familiarity with the tOpiC; compromise: try to assume little previous knowledge, but

allow myself to not go into high-energy physics but dwell on topics possibly outside its comfort zone
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selection of DM landscape across mass scales (direct & indirect)

« 2 GeV: WIMP nuclear recoil, LHC (e.g. see highlight
talks) — both established & well under way = not
covered here
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selection of DM landscape across mass scales (direct & indirect)

« 2 GeV: WIMP nuclear recoil, LHC (e.g. see highlight
talks) — both established & well under way = not
covered here

» keV-MeV: recent fast progress even at rather small
exposures with electronic recoils and parasitic (or
dedicated) detectors at (for example) fixed targets/beam
dumps (advent of the hidden sector using high intensities)
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selection of DM landscape across mass scales (direct & indirect)

« 2 GeV: WIMP nuclear recoil, LHC (e.g. see highlight
talks) — both established & well under way = not
covered here

» keV-MeV: recent fast progress even at rather small
exposures with electronic recoils and parasitic (or
dedicated) detectors at (for example) fixed targets/beam
dumps (advent of the hidden sector using high intensities)

+ <eV: domain of (among else!) axions: research goes
back many decades (notably ADMX) but currently many
new Contenders joining the f|e|d (loss of ‘fear’ of ‘classical’ particle physicists

embarking on associated technologies, increase in funding possibilities (buzzword quantum....)), both

haloscopes & searches by production/from sun
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“Lighter” Da rk Matter (showing outdated plot on purpose)

Archeology: PDG plot in Chapter ‘Dark Matter’ 2018
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https://link.springer.com/content/pdf/10.1007/JHEP03(2020)118.pdf

“Lighter” Da rk Matter (showing outdated plot on purpose)

Archeology: PDG plot in Chapter ‘Dark Matter’ 2018
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< low masses poorly constrained so far (but motivated, see e.g. link)
1) DD: energy below recoiling nucleus below energy threshold
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“Lighter” Da rk Matter (showing outdated plot on purpose)

Archeology: PDG plot in Chapter ‘Dark Matter’ 2018
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< low masses poorly constrained so far (but motivated, see e.g. link)
1) DD: energy below recoiling nucleus below energy threshold
2) ultra-low masses: non-thermal DM: axions & dark photons

EPS-HEP 2021
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Why & how electron recoil (ER)?

* nuclear recoils: inefficient energy transfer for elastic
nuclear recoil unless mpy ~ Mearget
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https://arxiv.org/abs/1707.04591

Why & how electron recoil (ER)?

 nuclear recoils: inefficient energy transfer for elastic
nuclear recoil unless mpy ~ Mearget

* the challenge using electron recoils:
Epm, kinetic > Ebinding, typically
Mmpnp > 300keV(Eb,-,,d,-,,g/1eV)

» want to scatter off e~ in a material with as small as

possible electron binding energies to test (sub-)MeV scale
DM
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Why & how electron recoil (ER)?

nuclear recoils: inefficient energy transfer for elastic
nuclear recoil unless mpy ~ Mearget

the challenge using electron recoils:

Epm, kinetic > Ebinding, typically

Mmpnp > 300keV(Eb,-,,d,-,,g/1eV)

want to scatter off e~ in a material with as small as
possible electron binding energies to test (sub-)MeV scale
DM

finding a low electron electron recoil threshold:
semiconductors, noble liquids, scintillator, (even lower
thresholds but less easy: superconducting Aluminum).... see e.g.
U.S. cosmic visions WP (2017)
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Why & how electron recoil (ER)?

 nuclear recoils: inefficient energy transfer for elastic
nuclear recoil unless mpy ~ Mearget

* the challenge using electron recoils:
Epm, kinetic > Ebinding, typically
Mmpnp > 300keV(Eb,-,,d,-,,g/1eV)

» want to scatter off e~ in a material with as small as

possible electron binding energies to test (sub-)MeV scale
DM

« finding a low electron electron recoil threshold:
semiconductors, noble liquids, scintillator, (even lower

thresholds but less easy: superconducting Aluminum).... see e.g.
U.S. cosmic visions WP (2017)

« for simplicity pick one example: (cryogenic) Silicon

, 2021, EPS-HEP 2021 Dark Matter and Axion Searches
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comments:

Si detector SuperCDMS HVeV individual electron-hole pairs (‘peaks’) visible
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Cabrers etal, Appl. Phys. Lett. 112, 043501 (2018)

Differential Event Rate (Hz/nep)
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Electron-Hole Pairs with phonon sensors

PRL 121,051301 (2018): 0.49 gram-days (newer result 2020 of 1.2 gram-days also available)
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comments:

individual electron-hole pairs (‘peaks’) visible
after folding with appropriate ionization model
some fondness of solid state physics required ..

Cabrers etal, Appl. Phys. Lett. 112, 043501 (2018)

1 2 3 4 5 6 7 8 9 10 Sichip(1cm2x4mm,0.93 g:

with phonon sensors

PRL 121,051301 (2018): 0.49 gram-days (newer result 2020 of 1.2 gram-days also available)

CERN
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Si detector SuperCDMS HVeV

Differential Event Rate (Hz/nep)
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Electron-Hole Pairs

comments:

individual electron-hole pairs (‘peaks’) visible
after folding with appropriate ionization model
some fondness of solid state physics required ..

challenge: understanding background
see e.g. Barak et al (2021), Du et al (2021)
+ Excess workshop June 2021

Cabrers etal, Appl. Phys. Lett. 112, 043501 (2018)

1 2 3 4 5 6 7 8 9 10 Sichip(1cm2x4mm,0.93 g:

with phonon sensors

PRL 121,051301 (2018): 0.49 gram-days (newer result 2020 of 1.2 gram-days also available)
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A faSt—deve|Oplng f'eld (background reduction and exposure as lever-arm)

Essig et al. PRL 125, 171802 (2020)
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A faSt—deve|Oplng f'eld (background reduction and exposure as lever-arm)
Take away message:

one couple of days of data-taking can gain orders of magnitude in sensitivity

see for example: Sensei 2018 (0.2 g-days) vs Sensei 2020 (48 g-days)

Essig et al. PRL 125, 171802 (2020)
T

T
i
\

|

Kurinsky, BvK, et al. PRL 121 (2018) 051301
1072
1072
107

10-%

Ge [cm?]

10-%

10°9

107 107
mon [MeV/c?]
" DM-e scattering
15t SuperCDMS-HVeV Results 1073 Fou=(omc/a* Froes
E CZe~in
with ~ 0.5 g/day data 1g-TE= ) )
1 10 10? 10°
my [MeV]

Belina von Krosigk Heraeus seminar, June 2021




Intermezzo: Do we have seen already a BSM e~ recoil signal?

Laboratori Nazionali del Gran Sasso

search directly for GeV scale DM via nuclear recoil
in a Xenon TPC: XENON1T
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Simplified working principle XENON1T

PMT Array (] O] OO GO CC]
GasXe |, e Sortional S2

AN

Liquid Xe

direct S1 lFieId
Cathode taken from here

pvT Array [ O OOOO OO0

combining S1 (prompt light signal) & S2 (secondary light from drifted charges):

information — position & energy
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https://arxiv.org/pdf/1107.2155.pdf

Status: XENONLT full reach DM-nucleon cross-section

DM-nucleon interactions

-34
10 Phys. Rev. Lett. 123, 241803 (2019)

10736 Phys. Rev. Lett. 123, 251801 (2019)
10-38 4 Phys. Rev. Lett. 121, 111302 (2018)

. Galloway @Heraeus 2021
10-40 { S2-only Migdal
*drop 3-fold PMT

S2-only NR coincidence requirement
(discovery potential)

10742 4

10-44

S1-S2 2-fold N
1046 |

DM-nucleon cross-section [cm?]

S1-S2 3-fold NR

10748 T T T T T T T T
0.1 0.3 1 3 10 30 100 300 1000
Dark matter particle mass [GeV/c?]

to realize: ratio S1/S2 different for electronic and nuclear recoils
study of nuclear recoil is not the only option!
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Electronic & nuclear recoil in XENON1T

PMT Array |1 C1C O CCCC] 2 .
GasXe |, . ﬁnioml S2 ' v

el 444 Drift Time
/. Nuclear Recoil (WIMP)
AN
- S1 S2
Liquid Xe
) S1 D_rifl
et Figid — taken from here
Cathode Drift Time
pvT Array (OO0 OO0 O0O00 Electronic Recoil (y, B)

ratio S1/52 completely different for electronic and nuclear recoils
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S1/S2 events cf Phvs. Rev. Lett. 121

. 111302
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ER band ‘busier’ than NR band
but still amazingly little occupancy!

Electronic Recoils (ER)
(gammas, betas, light DM)

< 100 events/(t/yr/keVee)

July 28th, 2021, EPS-HEP 2021
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.111302

The plot that kept phenomenologists busy in home office in 2020
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Excess between 1-7 keV
285 events observed
vs.
232 events expected (from best-fit)

excess reported first June 2020: Phys. Rev. D 102, 072004, published in Oct 2020

(Updates added on Ar37 discussion, tritium estimation, solar axion energy spectrum)



https://arxiv.org/abs/2006.09721

So what is causing the excess?

« most likely SM interpretation by now: Tritium
contamination (cannot be confirmed or excluded by the
collaboration right now)
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So what is causing the excess?

« most likely SM interpretation by now: Tritium
contamination (cannot be confirmed or excluded by the
collaboration right now)

» more exciting would be a beyond SM origin: fits to a
plethora of models proposed by community (see e.g.
fit compilation Oz Amram)

« models explored within publication: neutrino magnetic
moment or axion-electron scattering (however add odds
with other axion limits)
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So what is causing the excess?

most likely SM interpretation by now: Tritium
contamination (cannot be confirmed or excluded by the
collaboration right now)

more exciting would be a beyond SM origin: fits to a
plethora of models proposed by community (see e.g.
fit compilation Oz Amram)

models explored within publication: neutrino magnetic
moment or axion-electron scattering (however add odds
with other axion limits)

clarification expected: — careful materials selection and
data from XENONNT in 2022 (4 Tons fiducial volume
instead of ‘only’ 1 Ton + better tritium control program)
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So what is causing the excess?

« most likely SM interpretation by now: Tritium
contamination (cannot be confirmed or excluded by the
collaboration right now)

» more exciting would be a beyond SM origin: fits to a
plethora of models proposed by community (see e.g.
fit compilation Oz Amram)

« models explored within publication: neutrino magnetic
moment or axion-electron scattering (however add odds
with other axion limits)

« clarification expected: — careful materials selection and
data from XENONNT in 2022 (4 Tons fiducial volume
instead of ‘only’ 1 Ton + better tritium control program)

* in the meanwhile: let’s talk about axions!

July 28th, 2021, EPS-HEP 2021 Dark Matter and Axion Searches
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The Axion was not invented to be the Dark Matter!

CP Conservation in the Presence of Pseudoparticles*

R. D. Peccei and Helen R. Quinnt
Physics, Stanford University, Stanford, California 91305

Institute of Theovetical Physics, Depa

but Axions (or more generally axion-like particles (ALPs))
which must be extremely weakly interacting can
be the Dark Matter or a portal to it!




Present and future hide-outs of (low-mass) axions

limit compilation by C O'Hare https://github.com/cajohare/AxionLimits
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Present and future hide-outs of (low-mass) axions

Axions on the arXiv
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Present and future hide-outs of (low-mass) axions
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Present and future hide-outs of (low-mass) axions
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Main search types

1 Produce an axion, then detect it: light shining through
walls, also beam dump, LHC (at higher masses)
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Main search types

1 Produce an axion, then detect it: light shining through
walls, also beam dump, LHC (at higher masses)

> look for axions from a natural source, most prominently
solar axion searches (helioscopes): CAST, (baby-)IAXO
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Main search types

1 Produce an axion, then detect it: light shining through
walls, also beam dump, LHC (at higher masses)

> look for axions from a natural source, most prominently
solar axion searches (helioscopes): CAST, (baby-)IAXO

;. assume that axions are THE Dark matter, infer their
presence, typically haloscopes
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Main search types

1 Produce an axion, then detect it: light shining through
walls, also beam dump, LHC (at higher masses)

> look for axions from a natural source, most prominently
solar axion searches (helioscopes): CAST, (baby-)IAXO

;. assume that axions are THE Dark matter, infer their
presence, typically haloscopes

types typically different in ability to probe vast mass-/coupling- scales:
— direct cavity Dark Matter search: typically ‘needle-like’
relies on resonant conversion in a narrow resonance

July 28th, 2021, EPS-HEP 2021 Dark Matter and Axion Searches




A poor (wo-)man's axion haloscope

microwave photon

/N

D
external B field

July 28th, 2021, EPS-HEP 2021

figure of merit:

F ~ g4m2 B4 V2 TS;S2Q4Q
typically high-field
solenoids, several Tesla
typically few-/sub- Kelvin

scanning: tune in steps ~
size of axion width
resonance quality @ worth
to push up to ~ 10°
design requirement G:
cavity modes: right
direction/ well spaced/
correctly coupled

Dark Matter and Axion Searches




Pioneers & ‘old hands' - ADMX

2020 Bartram et al: Axion Dark Matter eXperiment: Run 1B Analysis
Axion Mass (peV)
2.6 2.7 2.8 29 3.0 3.1 3.2 3.3 3.4

10—14

Jayy (GeV™1)

10716 . u T T T T T
625 650 675 700 725 750 775 800 825
Frequency (MHz)

FIG. 17. Exclusion plot for Run 1B, shown in green. Dark green represents the region excluded using a standard Maxwell-Boltzmann filter,
whereas light green represents the region excluded by an N-body filter [42]).



https://arxiv.org/pdf/2010.06183.pdf
https://agenda.infn.it/event/20431/contributions/138635/attachments/82432/108297/ADMX_PATRAS_Jun14.pdf

Pioneers & ‘old hands' - ADMX

2021 June preliminary: T.Nitta@Patras workshop and here at EPS

Axion Mass (jieV)
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2.6 2.8 3.0 3.2
Sensitivity:
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Pioneers & ‘old hands' - ADMX

Sensitivity:
KSVZ axions
800 — 1020 MHz

DFSZ axions
~ 970 MHz
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Interlude: Why large masses are harder to test

microwave photon « figure of merit:

F ~ g*m?B*V? Ts;gg“Q

N\
* naively: large m — higher
, H L resonance f — lower

Axion . .

dimension

D

* Q ~ 35 Volume to surface
ratio: gets bad at low
Volumes

external B field

021, EPS-HEP 2021 Matter and Axio




Interlude: Why large masses are interesting to test

classic (static)
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EPS-HEP 2021

* axion mass depends on initial
misalignment angle & inversely
proportional to symmetry
breaking scale

+ “large” axion masses test
the ‘post-inflationary’
axion, in which the axion
mass can be more "easily”
pred icted (average of possible initial
conditions, whereas otherwise one unknown

initial condition stretched by inflation)

« scenario B: m prediction

somewhat possible
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« scenario B: m prediction
somewhat possible

T.Nitta@Patras workshop
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Progress at large m: going ‘beyond’ quantum uncertainty

HAYSTAC
2017-2018

This result

m,c? (neV)
Bakes et al. Nature volume 590, pages 238-242(2021)

CERN


https://www.nature.com/articles/s41586-021-03226-7?proof=t

That's not all...
large m: segmented/sc cav. (capp, raDes), higher B (capp), ultralow T (inr, capp)...

|zl T

1
| < RADES
f JHEP sub 2021

. o
- Q|0

Ceve

CAPP, Phys.Rev.Lett. 125 (2020)



https://arxiv.org/abs/2104.13798
https://arxiv.org/abs/2104.13798
https://arxiv.org/abs/2008.10141
https://arxiv.org/abs/2008.10141
https://arxiv.org/abs/2104.13798
https://arxiv.org/abs/2012.09498
https://arxiv.org/abs/2012.10764
https://indico.desy.de/event/28202/contributions/105023/

That's not all...

large m: segmented/sc cav. (capp, raDes), higher B (capp), ultralow T (inr, capp)...
see also talk by C. Gatti on QUAX this morning

A CacCcCla dl assionl 9 Deutsches Elektronen-Synchrotron (DESY)
A Any Light Particle Search Il (ALPS 1)
A Baby IAX0
@ Consiglio europeo per la ricerca nucleare (CERN) O Magnetized Disc and Mirror Axion Experiment (MADMAX)

= Optical Search for OED Vacuumn Bifringence, Axions

and Photon Regencration (OS0AR) 9 Laboratori Nazionali di Legnaro

' CERN Axion Solar Telescope (CAST) B Polarizzazione del Vuoto con LASer (PVLAS)
O lnternational Axion Observatory (1AX0) B QUest for AXions (QUAX)
2 LA 9 Laboratori Nazionali del Gran Sasso
o Ll 3 = XENONIT
6 Massachusetts Institute of Technology (MIT) 9 Laboratori Nazionali di Frascati
A Broadband/Resonant Approach to Cosmic Axion Detection B QUest for AXions (QUAX)
with an Amplifying B-field Ring Apparatus (ABRACADABRA) OKLoe magnet for Axion SearcH (KLASH)
6 Wright Lab - Yale University 2
® Haloscope At Yale Sensitive To Axion CDM (HAYSTAC) 6 Axion search experiments in Center for Axion and

Precision Physics Researches (CAPP)

© Deep Underground Science and Engineering Laboratory (DUSEL)  CAPP Ultra-Low Temperature Axion Searchin Korea (CULTASK)

® Large Underground Xenon (LUX)

6 Center for Experimental Nuclear Physics and Astrophysics (CENPA)

*
Western Australi iversit:
= Axion Dark Matter Experiment (ADMX) @ Western Australia University

W Oscillating Resonant Group AxioN (ORGAN)
Crediti: Maura Sandri/Media Inaf

B operativo A incostruzione O in progetto
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https://arxiv.org/abs/2012.09498
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Summary

» provided you with a biased selection of ‘hot’ cold Dark
Matter topics: electron recoil and axion searches

« coming year should give clarity on XENON1T e~ recoil
excess through statistics

» axion searches become much more widespread —
fast-pace can be expected
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Summary

« provided you with a biased selection of ‘hot’ cold Dark
Matter topics: electron recoil and axion searches

« coming year should give clarity on XENON1T e~ recoil
excess through statistics

» axion searches become much more widespread —
fast-pace can be expected

« in parallel to EPS-HEP 2021: ongoing (hybrid)
Les Houches school on Dark Matter (M. Cirelli, J. Zupan,
BD): — lectures will be on youtube!
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Summary

« provided you with a biased selection of ‘hot’ cold Dark
Matter topics: electron recoil and axion searches

« coming year should give clarity on XENON1T e~ recoil
excess through statistics

» axion searches become much more widespread —
fast-pace can be expected

« in parallel to EPS-HEP 2021: ongoing (hybrid)
Les Houches school on Dark Matter (M. Cirelli, J. Zupan,
BD): — lectures will be on youtube!

« thank you for your attention. feel free to get in touch with
me for further discussions/feedback: cern.ch/bdobrich
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other resources:

« 2104.07634: Direct Detection of Dark Matter — APPEC
Committee Report

» talks presented at Heraeus Light Dark matter Seminar,
June 2021

« talks presented at Patras workshop June 2021
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The biggest european contender - MADMAX

M1 s,
* constructively

combine axion

emission at

dielectric surface by -

choice of plate i

Mirror Dielectric Disks Receiver

separation — allows
to probe ‘large’
axion DM mass

« amongst challenges:
9T dipole with
1.35m bore



https://arxiv.org/abs/2003.10894
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