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ABSTRACT: Dark matter and dark energy are fundamental yet elusive components of the cosmos. Before 2020,
experimental approaches toward detecting dark matter spanned direct detection, indirect observations, and laboratory-
based sensitive probes; dark energy efforts, by contrast, were largely observational, with a few pioneering tabletop
proposals. Direct detection leveraged cryogenic detectors (e.g., CDMS, EDELWEISS), noble-liquid Time Projection
Chambers (TPCs) such as XENON10/XENON100, LUX, ZEPLIN-1II, DEAP, ArDM, and bubble chambers (COUPP),
aiming to observe rare recoil events from WIMPs in underground laboratories. Reviews emphasized rapid
improvements in detection thresholds and methods, yet no definitive detection was made . XENON10 placed early
limits on sub-GeV dark matter via electron scattering . ZEPLIN-III ruled out sizable WIMP-nucleon cross-sections .
LUX achieved world-leading sensitivities by 2013 but reported null results . Noble-liquid ArDM and DEAP-3600
contributed additional constraints, though also without positive detection .

Axion search efforts, particularly ADMX (axion haloscope with microwave cavities and SQUID amplifiers), reached
sensitivity to realistic dark-matter axion parameters by 2010, but no axions were detected .

Indirect and astrophysical detection efforts (e.g., gamma-ray, positron measurements with Fermi-LAT, AMS),
produced intriguing excesses—such as positron enhancements in cosmic rays and the Galactic Center gamma excess—
but such signals remain ambiguous and inconclusive .

Novel tabletop experiments, such as those using levitated microspheres to probe millicharged particles or chameleon
fields related to dark energy, offered complementary, cost-effective routes, though results were null .

Overall, pre-2020 experimental approaches significantly constrained dark-matter parameter space and advanced
detection technologies, yet no confirmed direct or laboratory detection existed for dark matter—or dark energy. This
review synthesizes methodologies, results, strengths, limitations, and the path forward.
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Axion Haloscope (ADMX), Indirect Detection (Fermi-LAT, AMS), Tabletop Experiments (Millicharged, Chameleon
Particles), Null Results & Constraints

I. INTRODUCTION

Dark matter and dark energy together represent about 95% of the Universe’s content, yet their exact nature remains
unknown. Dark matter is inferred via gravitational signatures—e.g., galaxy rotation curves and cosmic structure—while
dark energy is deduced from cosmic acceleration. Pre-2020, experimental searches for dark matter focused on two main
paths: direct detection, aiming to observe recoil events when a dark-matter particle scatters off nucleons or electrons in
sensitive detectors; and indirect detection, where astrophysical signals like gamma rays or cosmic rays hint at dark-
matter annihilation or decay.

Direct detection technologies evolved rapidly. Cryogenic detectors like CDMS and EDELWEISS provided low-
threshold recoil measurements. Noble-liquid xenon and argon TPCs—such as XENON10, LUX, ZEPLIN-III, DEAP,
and ArDM—offered larger target masses, low-background setups, and dual-mode (scintillation and ionization)
discrimination. Despite increasingly stringent sensitivities, all reported no definitive dark-matter signal. XENON10
extended the mass range to sub-GeV via electron scattering limits. LUX, with enhanced design and shielding, set
world-leading exclusion bounds but observed no evidence. ZEPLIN-III achieved strong background discrimination in
smaller-scale runs.
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AXxions, postulated to resolve the strong-CP problem and potentially constitute dark matter, have been probed via the
ADMX microwave haloscope. Operating since the late 1990s and upgraded through 2016, ADMX employed tunable
microwave cavities in magnetic fields and SQUID amplifiers, targeting well-motivated axion mass/coupling
combinations without detection to date.

Indirect detection using space-borne instruments (Fermi-LAT, AMS, PAMELA) revealed intriguing features—like
excess positrons or gamma-ray lines—but no consensus linking them to dark matter. Dark energy, in contrast, lacks
direct laboratory methods; some tabletop searches for exotic fields (e.g., chameleons) aimed to probe dark-energy-
related forces but have not delivered positive results.

These efforts reflect both remarkable technological progress and the persistent challenge of detecting phenomena that
are, by definition, elusive and indirect. This paper summarizes pre-2020 experimental strategies and outcomes,
highlighting methodologies, findings, and the enduring open questions.

Il. LITERATURE REVIEW

Before 2020, the experimental field was rich but largely constrained by null results, advancing bounds and shaping
future directions:

1. Comprehensive Reviews

2. Undagoitia & Rauch (2016) reviewed direct detection advances, highlighting detector technologies, background
control, and statistical strategies across numerous underground experiments .

3. WIMP Searches with Xenon

4. XENON10 (2006-2007) ruled out parameter regions for WIMP-nucleon cross-sections, even placing limits on sub-
GeV electron-scattering dark matter .

5. LUX Results

6. LUX (2013-2016) posted null results with world-leading sensitivity, ruling out multiple WIMP mass ranges and
prompting theorists to reconsider SUSY WIMP priors .

7. ZEPLIN-11

8. Conducted 2006—-2011, ZEPLIN-III achieved strong limits on spin-independent WIMP interactions, demonstrating
excellent discrimination despite smaller mass .

9. Argon Experiments (DEAP, ArDM)

10. DEAP-1 (2007-2011) and DEAP-3600 (from 2016) advanced argon-based detection with pulse-shape
discrimination. ArDM  operated until 2019, further constraining WIMP scattering cross-sections
©endcite IturnOsearch12 IturnOsearch16/ .

11. Axion Haloscope (ADMX)

12. ADMX, employing high-Q cavities and SQUID amplifiers, probed plausible axion mass ranges through 2016,
improving sensitivity but without positive identification .

13. Indirect Detection via Astrophysics

14.Efforts with Fermi-LAT, AMS, MAGIC, HESS, and others searched for annihilation signals (gamma rays,
positrons). While some anomalies were reported, none led to conclusive dark-matter detection .

15. Tabletop Experiments

16. Small-scale setups—for example, levitated microspheres—were used to test millicharged particles and chameleon
dark-energy fields. Though innovative and low-cost, these also yielded null findings .

These cumulative efforts tightened parameter space for dark matter and introduced multiple detection paradigms—yet
the signal remains undetected, urging new methodologies and technologies.

I1l. RESEARCH METHODOLOGY

A synthesizing methodology for pre-2020 experimental detection includes:

1. Detector Technologies

o Cryogenic Detectors (e.g., CDMS, EDELWEISS): measure phonons and ionization, using low-temperature
crystals for nuclear recoil discrimination.

o Noble-Liquid TPCs (e.g., XENON10/XENON100, LUX, ZEPLIN-III, DEAP, ArDM): use scintillation and
ionization in liquid xenon or argon, with pulse-shape or charge-field discrimination.

o Bubble Chambers & Directional Detectors (e.g.,, COUPP, DRIFT): detect superheated liquid bubbles or gas ion
tracks to identify recoil directionality and reject background.
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2. Signal Modeling & Analysis

o Establish nuclear and electron recoil models, background estimates (neutrons, gammas), statistical frameworks for
limit setting (frequentist p-values, profile likelihood).

o Extend detection channels to electron scattering (sub-GeV dark matter), applying semiconductor or xenon
ionization models .

3. Axion Detection Strategy
o Employ microwave cavities in strong magnetic fields; tune resonant frequency to scan axion mass; amplify signal
via ultra-sensitive SQUIDs, reaching quantum noise limits .

4. Indirect Detection Approach
o Use astrophysical telescopes (Fermi-LAT, AMS) to observe cosmic-ray species, gamma-ray spectra; compare with
models of dark-matter annihilation or decay; account for astrophysical foregrounds .

5. Tabletop Probes
o Utilize levitated microspheres or precision accelerometers to detect hypothetical tiny forces; design experiments to
pick up minute deviations indicative of chameleon or millicharged particles .

6. Evaluation Metrics
o Primary indicators: cross-section exclusion limits vs WIMP mass, axion coupling constraints, detection thresholds,
background rejection rates, null-result confidence intervals.

This framework highlights technological diversity and measurement rigor weaving across underground, astrophysical,
and tabletop approaches.
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IV. KEY FINDINGS

Pre-2020 experimental findings reveal:

1. Stringent Exclusion Limits

o XENON10, ZEPLIN-III, LUX, DEAP, and ArDM progressively excluded wide regions in WIMP mass—cross-
section space, with LUX providing leading constraints by 2016.

2. Sub-GeV Sensitivity Opens

o Analyses of XENON10 data enabled limits for electron-scattering dark matter as low as 100 MeV mass .
Semiconductor models proposed by Essig et al. extended detection potential further .
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3. Axion Searches Near Theoretical Benchmarks
o ADMX eliminated one axion benchmark model by 2010; upgrades through 2016 enhanced sensitivity across
plausible mass-coupling ranges, yet found no axion .

4. Astrophysical Signals Remain Ambiguous
o Fermi-LAT, AMS, and similar instruments observed anomalies—Ilike Galactic Center gamma-ray excess or rising
positron fraction—but these are subject to alternative astrophysical interpretations (e.g., pulsars) .

5. Tabletop Experiment Null Results, but Promising Reach
o Millicharge and chameleon searches via levitated microspheres added unique constraints on exotic physics, albeit
without detection .

6. Null Results Strengthen Models, Inform Direction
o Although no detection occurred, these experiments greatly narrowed parameter space, disfavoring certain WIMP
models and reinforcing the need for broader dark matter candidates (axions, light dark matter, etc.) .

These key findings collectively underscore that while detection remains elusive, pre-2020 experimental advances have
substantially refined the search landscape.

V. WORKFLOW

A generalized workflow encapsulating pre-2020 experimental strategies:
1. Candidate Selection & Detection Modality
o Decide on the dark matter particle type: WIMPs, axions, millicharged, or exotic fields.

2. Experimental Platform Setup

o For WIMPs: build underground cryogenic or noble-liquid TPC detectors with shielding and low-background
materials.

o For axions: construct resonant cavities in high-magnetic-field environments with low-temperature amplifiers.

o For exotic forces: design tabletop setups using levitated spheres or accelerometers with calibration controls.

3. Signal Modeling & Calibration
o Simulate expected recoil or conversion signals. Calibrate detector response using known radiation sources and
Monte Carlo models.

4. Data Collection
o Acquire and record events (recoil, photons, ionization, electromagnetic signals) in low-background, shielded
environments.

5. Data Analysis
o Apply background discrimination (pulse shape, S1/S2 ratio), cut-based or multivariate methods.
o Use statistical inference to set exclusion limits or detect signals, accounting for systematic uncertainties.

6. Parameter Space Mapping

o Translate results into exclusion curves or sensitivity for cross-section vs mass (WIMPSs), axion coupling vs mass,
7. Cross-Validation & Comparison

o Compare with other experiments and astrophysical observations to validate findings.

8. Iteration & Upgrades

o Refine detector design, scale target mass, lower thresholds, incorporate new amplification or discrimination

technologies.

This workflow spans design to result dissemination, exemplifying the methodical progression of pre-2020 experimental
dark-matter and dark-energy probes.
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V1. ADVANTAGES & DISADVANTAGES

Advantages

¢ High Sensitivity: Many detectors reached unprecedented sensitivity, importantly constraining theoretical models.
Background Discrimination: Noble-liquid and cryogenic detectors offered strong noise rejection.

Diverse Techniques: Complementarity across detection strategies strengthened robustness.

Exploration of New Regimes: Sub-GeV detection opened new theoretical avenues.

Incremental Learning: Null results refined future experimental designs and theoretical models.

Disadvantages

¢ Null Results Predominant: Despite massive efforts, no confirmed positive detection.

o Cost & Complexity: Underground facilities and cryogenics are expensive and technically demanding.

o Limited Mass Ranges: Many searches centered on WIMPs, potentially neglecting lighter or alternative candidates.
e Background Challenges: Cosmic rays, neutrinos, and environmental noise complicate signal interpretations.

o Theory Dependence: Experimental designs heavily influenced by specific theoretical assumptions.

VII. RESULTS AND DISCUSSION

Pre-2020 experimental results consistently yielded non-detections but generated highly restrictive upper bounds on
interaction cross-sections across a variety of dark matter candidates:

e WIMP Detection: LUX and XENONI10 imposed particularly stringent exclusion limits. LUX’s null results
challenged low-mass WIMP hints from earlier experiments (e.g., CoGeNT, DAMA/LIBRA), which lacked support
under WIMP models .

e Axions: Though ADMX was technologically successful and approached benchmark models, no axion signal
materialized. This places strong constraints on the QCD axion parameter space .

e Astrophysical Probes: Positron and gamma-ray excesses (AMS, Fermi) generated interest but remained
inconclusive; alternative astrophysical sources offered plausible explanations.

e Tabletop Limits: Precision experiments did not detect millicharged particles or chameleon fields but produced
novel constraints, pushing the frontier of low-energy physics .

Discussion focuses on the importance of null results: they guide theoretical refinement, promote experimental
innovation (e.g., lowering thresholds, increasing mass, exploring new candidates), and reinforce the need for cross-
disciplinary methods (collider, direct, indirect, lab). Challenges remain in balancing detection sensitivity, background
rejection, and cost scalability.

VIII. CONCLUSION

Prior to 2020, experimental searches for dark matter and dark energy covered a broad technological and conceptual
spectrum—cryogenic detectors, noble-liquid TPCs, axion haloscopes, astrophysical observatories, and tabletop
precision setups. Despite no confirmed detection, these experiments profoundly shaped our understanding by excluding
vast swathes of theoretical parameter space, testing technological boundaries, and inspiring new detection paradigms.

Direct-detection experiments (LUX, XENON10, ZEPLIN-III, DEAP, ArDM) achieved remarkable sensitivity
improvements. ADMX advanced axion search capabilities. Indirect detection provided possible anomalies but lacked
confirmations. Tabletop experiments demonstrated innovative, cost-effective probes. Null results emphasized the need
for flexible, broader search frameworks—including lighter dark matter and beyond-WIMP candidates.

Going forward, expanding sensitivity to sub-GeV dark matter, improving detector scalability and multi-modal

capability, and integrating astrophysical and laboratory data remain critical. The pre-2020 era thus laid a robust

foundation—for both experimental techniques and strategy—for the ongoing search for dark matter and dark energy.
IX. FUTURE WORK

Looking ahead, pre-2020 insights suggest these promising directions:

1. Lower-Threshold Detection: Pursue technology sensitive to sub-GeV dark matter, including semiconductors (e.g.,
DAMIC, SuperCDMS) and electronic recoil measurements .

IJEETR©2021 | AnISO 9001:2008 Certified Journal | 2773




International Journal of Engineering & Extended Technologies Research (IJEETR)

» o % |[ISSN: 2322-0163| www.ijeetr.com | A Bimonthly, Peer Reviewed, Scholarly Indexed Journal |
‘¥ .

W | Volume 3, Issue 2, March-April 2021 |

IJEETR

DOI:10.15662/1IJEETR.2021.0302002

2. Expanded Candidate Space: Broaden searches beyond WIMPs and axions to include dark photons, sterile
neutrinos, ultralight bosons, and other exotic fields.

3. Larger & Scalable Detectors: Scale up noble-liquid detectors (DarkSide, LZ) to approach neutrino floor
sensitivity.

4. Improved Background Modeling: Advance background characterization and discrimination, especially of
neutrino-induced events.

5. Integrated Multi-Channel Strategy: Combine direct detection, astrophysical data, and collider constraints to
enhance coverage and cross-validation.

6. Innovative Lab Experiments: Expand tabletop inquiries into dark energy-related phenomenology, leveraging
precision measurement technologies.

7. Cross-Disciplinary Collaborations: Engage theorists, astrophysicists, and instrument engineers to co-design next-
gen searches.
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