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Abstract

We summarize progress made in theoretical astrophysics and cosmology over the past decade

and areas of interest for the coming decade. This Report is prepared as the TF09 “Astrophysics

and Cosmology” topical group summary for the Theory Frontier as part of the Snowmass 2021

process.
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1 Executive Summary

Many of the most fundamental questions in physics are tied to our understanding of the universe

on astrophysical and cosmological scales. In fact, apart from neutrino mass, which itself was first

discovered through astrophysical neutrinos, all unambiguous experimental evidence for physics

beyond the known laws and particle content of nature comes from astrophysical and cosmological

observations. Cosmology and astrophysics provide a wide range of opportunities to expand

our knowledge of the fundamental laws of nature, both through direct searches for beyond-

the-Standard-Model (BSM) physics and through tests of the Standard Model (SM) in extreme

conditions that are impossible to recreate in the laboratory. The data acquired to date have had

profound ramifications across virtually all domains of theoretical particle physics, including string

theory and quantum gravity, particle phenomenology and model-building, amplitudes, effective

field theory (EFT), lattice quantum chromodynamics (QCD), neutrino physics, and beyond.

These theoretical developments have, in turn, become the driving factor governing the next

generation of experiments searching for new physics in astrophysical and cosmological contexts.

Broadly, the impact of theoretical effort in cosmology and astrophysics over the past decade

can be viewed through the lenses of (i) advancing our understanding of fundamental physics

by forcing us to ponder extreme scenarios where e.g. quantum effects and gravity must be con-

sidered simultaneously, (ii) developing new microscopic models that can potentially explain the

outstanding problems facing our understanding of nature, and (iii) inventing new approaches to

test our best-motivated theories, in addition to developing the theoretical tools needed to prop-

erly interpret the resulting data. A decade ago dark matter (DM) was being searched for in

limited parts of parameter space; today, because of theoretical work that expanded the range of

viable DM models and proposed detection concepts for leading candidates, a large ecosystem of

experimental approaches to DM may now put us on the edge of discovery.

All of the leading DM models today, in addition to almost all of the major DM experimental

projects, were proposed in theoretical works. Novel analyses of astrophysical data in searches

for DM have unveiled anomalies and helped resolve outstanding observations of the cosmos. At

the same time, a whole host of new astrophysical and cosmological signatures of new physics in

the early universe have emerged with the expanded development of theories of non-minimal dark

particle physics. Observational tests of the inflationary epoch have been driven by deepening

our understanding of the range of possible signals and astrophysical foregrounds. These theoret-

ical developments will be critical for achieving the observational goals in the coming generation

of cosmic and astrophysical surveys. In addition, progress in our understanding of cosmology

(including e.g. inflation, dark energy, and large scale structure) has been spurred by progress

in more formal theoretical techniques (including e.g. quantum gravity, the conformal bootstrap,

amplitudes and EFT) and inspires new directions of theoretical investigation across the frontier.

In summary, theoretical work in astrophysics and cosmology over the past decade has played

a crucial role in informing our understanding of theoretical physics, developing current and future

projects, and innovating the tools needed to make sure these experiments are able to successfully

extract meaningful and transformative science results.
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This report summarizes the work done in the topical group TF09 and draws on the Snow-

mass2021 white papers [1–45].

2 Topical Introduction

2.1 Dark Matter

Interpretations of cosmic microwave background (CMB) data point to ∼27% of the energy den-

sity in our universe today being in the form of DM, with ∼5% in baryons and the rest in dark

energy [46]. The evidence for DM in the CMB data is overwhelming. Density perturbations

generated in the matter density from quantum fluctuations during inflation are now understood

to have collapsed to form DM halos, which seeded galaxy clusters and galaxies like our own

Milky Way. Thanks in large part to recent theoretical work on N -body simulations and analytic

methods, the comparison of the predicted DM structure in the standard cold DM plus cosmolog-

ical constant paradigm (ΛCDM) to measured large scale structure (LSS) and halo data is now

a precision science [39]. Equally compelling data for the existence of cold and at most weakly

interacting DM across a variety of astrophysical scales arises from galaxy rotation curves [47–49],

stellar kinematics [50], and weak and strong gravitational lensing [51–53]. It is not possible to

explain the observed DM within the SM of particle physics; DM requires the existence of at

least one new fundamental particle of nature, though DM itself may be composite. The singular

possible exception to this is if DM is made of primordial black holes, but (i) these have become

increasingly constrained as DM over the past decade, and (ii) even if DM were primordial black

holes, new fundamental dynamics would be needed to source the large density perturbations in

the early universe needed for their creation (see [37] for a Snowmass2021 discussion of primordial

black hole DM).

The DM mass is constrained on the lower end to be larger than ∼10−20 eV and on the upper

end to be smaller than ∼104 M�. The lower bound comes from the De Broglie wavelength

(λDB ∼ eV/mDM mm) of the DM being galactic scale for DM masses mDM ∼ 10−22 eV and

typical galactic velocities. Such ultralight DM candidates are referred to as fuzzy DM, and

this paradigm has received a significant amount of attention over the past decade because of

“top-down” motivations in the context of string theory, data-driven observations that fuzzy DM

could alleviate tensions in some structure formation anomalies, and the plethora of relevant new

astrophysical data and theoretical modeling and simulation techniques that have been gathered

and developed in recent years. We review fuzzy DM further in Sec. 4. On the upper end of the

mass spectrum, sufficiently compact DM with masses above ∼103-104 M� would be too granular

on astrophysical scales; for example, DM masses above ∼103 M� have been suggested to lead to

the disruption of globular clusters [54–56], while DM masses above ∼104 M� would likely inject

too much Poisson noise in the Lyα forest [57].

We find ourselves at a unique point in history, where the existence of DM on astrophysical

and cosmological scales is known and well characterized, but the microscopic nature of the DM

is almost completely unconstrained, up to rough constraints on the DM mass and interaction

strengths with itself and with ordinary matter. However, over the past decades theorists have
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developed particle-physics-based models to explain DM, and typically these models lead to faint

but observable signatures. Yet, the types of signatures vary drastically depending on the DM

model at hand, motivating a world-wide scientific program searching for evidence of particle DM

across laboratory experiments ranging from the Large Hadron Collider (LHC) to underground

direct detection experiments to precision laboratory experiments. On the other hand, in many

DM models there are direct or indirect astrophysical signatures, such as modifications to DM halo

structure itself (i.e., direct modifications to the assumptions in ΛCDM), electromagnetic, cosmic

ray, and neutrino signatures in the case of annihilating, decaying, and converting DM, and even

gravitational wave signatures from DM associated with phase transitions in the early universe.

DM may also be associated with new light physics, such as light mediators or ultralight particles,

that may have effects ranging from modifying stellar evolution to producing signatures in dedi-

cated fixed target experiments to adding extra radiation contributing to the effective number of

neutrino degrees of freedom Neff measured in the early universe from the CMB. The theoretical

efforts to produce viable DM candidates have been the driving force behind numerous experi-

mental and observational programs aimed at finding evidence for these signatures. Beyond the

construction of specific DM models, in the past decade theorists have played an essential role in

proposing and helping implement specific experiments and astrophysical search strategies for cov-

ering some of the best motivated DM parameter space, pushing science closer to a transformative

discovery.

In addition to being one of the central driving forces for new experiments and projects across

the cosmic, energy, and precision frontiers, theoretical efforts related to DM connect across the

theory frontier. From a bottom-up perspective many DM models address other outstanding

problems in the SM. Weakly-interacting massive particle (WIMP) DM may arise in models

that address the hierarchy problem related to the unnaturally light Higgs mass; the hierarchy

problem has become even more striking over the past decade in light of the discovery of the

Higgs boson and null results for searches for new physics at the LHC. However, we argue in

Sec. 3 that WIMP DM, with mass near the electroweak scale, in addition to closely related

variants that have been explored recently, remain promising DM candidates. Theoretical work

has been crucial in identifying promising thermal DM candidates, such as e.g. the supersymmetric

higgsino, and calculating the signatures of these candidates in the laboratory and in astrophysics.

The QCD axion, which was originally introduced to solve the strong-CP problem related to

the neutron electric dipole moment (EDM) but which may also explain the observed DM, is

intimately connected to QCD, including lattice QCD, and the precision frontier, as we overview

in Sec. 4. At the same time, axions are now known to emerge generically in the context of

“top-down” constructions such as those based on string theory. Axions may be connected to

deep concepts in quantum gravity, such as extra dimensions and the weak gravity conjecture,

and these connections have been sharpened over the past decade. In particular, the QCD axion

and axion-like particles, if they exist, may possibly be the only way of experimentally probing

string theory compactifications, if string theory is indeed realized in our universe. Axions may

also be responsible for inflation and, furthermore, are now one of the leading motivations for

searching for new-physics contributions to Neff with next-generation CMB and LSS experiments

8



and analyses.

Sterile neutrino DM is naturally intertwined with the neutrino frontier, as ∼keV-scale sterile

neutrinos would be connected to the active neutrinos through e.g. the see-saw mechanism. On the

other hand sterile neutrinos are also a warm DM candidate, meaning that their finite temperature

may wash out structure on small astrophysical scales. Sterile neutrino DM, along with other DM

candidates such as self-interacting DM and fuzzy DM, have been one of the driving forces for

developing increasingly more sophisticated N -body simulations of structure formation in the early

and late universe, since these models predict small-scale modifications relative to ΛCDM that may

be detectable in galaxy and halo data. Certain self-interacting DM candidates, such as glueball

DM, are also motivated by string theory constructions that predict dark gauge groups. More

generally, the concept of “dark sectors” has undergone a revolution over the past decade. The

idea of dark sectors is that DM may be part of a hidden sector, which has no constituents charged

under the SM gauge groups but rather communicates to the SM through a number of possible

“portals.” Many explicit dark-sector constructions favor the keV-GeV DM mass range, which has

led to a burgeoning experimental program pushing towards direct detection experiments with

lower thresholds and increasingly sensitive accelerator-based DM searches. This program has

been led by theorists and requires, in many cases, interdisciplinary work between e.g. condensed

matter theory and particle theory, in conjunction with cutting-edge experimental techniques such

as quantum sensors.

2.2 Cosmic History and Beyond

The history of the universe spans many epochs. Cosmological observations are sensitive to the

period beginning with inflation and continuing through reheating, radiation-, matter-, and dark

energy-domination. Throughout this history, the energy and distance scales relevant to cosmic

surveys span from the Planck scale to the size of the observable universe. The study of our cosmic

history unifies these disparate scales and brings together insights from every corner of theoretical

physics [25].

At this moment, our understanding of the universe is challenged by both deep theoretical

challenges and tensions in observations. Yet, the theoretical machinery we have constructed

gives remarkable agreement with our most precise cosmic probes. Perhaps the most basic and

important question in cosmology (or even physics) today is why this machinery should work

so well. Dark energy dominates the universe today, and yet we have failed to understand its

small size and whether an explanation in terms of a cosmological constant is consistent with

theories of quantum gravity [28]. Yet, even given the unexplained contents of the universe,

like baryon number, DM, and dark energy, we also know there is a fundamental limit to our

statistical predictions starting from inflation. We observe a quantum mechanical universe from

within, unable to separate the dynamics of spacetime from the measurements of an observer.

The formal manifestation of this problem is that we lack a rigorous definition of cosmological

observables. More conceptually, cosmology forces us to confront our understanding of quantum

mechanics when there is no external observer. This basic problem underlies the many challenges

of understanding cosmological spacetimes within theories of quantum gravity or using holography.
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Fortunately, the answers to some of these questions are encoded in maps of the universe.

The program of measuring the distribution of matter in our observable volume continues, with

the promise of pushing our understanding well beyond what we have learned from the CMB [5].

Rapidly improving maps of the polarized CMB will deepen our understanding of the recombina-

tion era and could reveal primordial gravitational waves [4] and/or new particles and forces [10].

In addition, the CMB is an increasingly powerful probe of the late universe, as a backlight for

gravitational lensing and spectral distortions by the intervening matter. Galaxy surveys and

intensity mapping also directly measure the matter at low redshifts with statistical power that is

already rivaling the CMB [20].

As the frontier of cosmic surveys pushes into these new domains, our ability to answer our

deepest questions about the universe is increasingly limited by our theoretical tools to understand

the data itself [5]. Our measurement of primordial gravitational waves from the CMB will be

limited by our ability to remove the effects of dust and gravitional lensing from the maps of the

B-mode polarization. Maps of the low redshift distribution of matter are limited by our under-

standing of nonlinear evolution on short distances; vastly more information is available in the

maps of the distribution of galaxies than we are able to use for inferring cosmological parameters.

Yet, these problems are not beyond the power of ingenuity of the theoretical physics community.

In the past decade, the tools needed to surpass these limitations have been demonstrated on real

data. In addition, theoretical insights are opening the door to entirely new methods for exploring

our universe. In the next decade, the continued investment in these efforts is expected to yield

dramatic returns in the resulting scientific insights generated by cosmic surveys.

2.3 Baryogenesis

As is readily apparent, the universe is mostly matter and not anti-matter. The present-day

primordial baryon asymmetry is quantified precisely through big-bang nucleosynthesis (BBN)

and CMB analyses to be ηB = (nb − nb̄)/nγ = nb/nγ = (6.10 ± 0.4) × 10−10 [46]. The observed

baryon asymmetry cannot be explained within the SM in conjunction with the standard ΛCDM

cosmology; new physics is required, and the BSM production of the primordial baryon asymmetry

is referred to as baryogenesis. (See [38] and section 3 of [12] for discussions of recent ideas in

baryogenesis.) The development of new models for baryogenesis, and the exploration of their

potential experimental tests, constitutes a vibrant area within the theory frontier. Baryogenesis

could have occurred at a wide variety of different energy scales, and therefore experimental signals

of baryogenesis are model-dependent. Possible signals include new sources of CP violation and

cosmological imprints of non-equilibrium physics, such as the production of gravitational waves.

Classic scenarios for baryogenesis include leptogenesis [58], where a lepton asymmetry is

generated by right-handed neutrino decays and transferred to a baryon symmetry though elec-

troweak sphalerons, and electroweak baryogenesis, where the baryon asymmetry is generated

during the electroweak phase transition (for reviews see [59–63]). Recent work on leptogenesis

and electroweak baryogenesis have explored experimental signals of these scenarios, including

gravitational waves (see for example [64] and [65]).

Several more recent proposals for baryogenesis have emphasized possible connections between

10



the baryon asymmetry and DM. These include asymmetric DM (for reviews see [66–68]), WIMP

baryogenesis [69], and axion baryogenesis [70]. Other recent proposals produce the baryon asym-

metry from particle-anti-particle oscillations [71] or from the interactions of SM mesons [72].

3 Particle Dark Matter and Indirect Detection

3.1 WIMP Dark Matter

Weakly interacting massive particles (WIMPs) are DM candidates with electroweak (EW) scale

masses and couplings that acquire their relic abundance through thermal freeze-out in the early

universe (see [73, 74] for modern reviews). The excitement for laboratory-based WIMP searches

was amplified by the fact that solutions to the hierarchy problem related to the unnaturally-

low Higgs mass, such as electroweak-scale supersymmetry (SUSY), naturally produce WIMP-like

DM candidates. However, at present the search for WIMP DM is at a turning point. Natural

solutions to the hierarchy problem have been searched for directly at collider experiments, most

recently with the LHC, and indirectly through a host of precision measurements. No evidence for

new weak-scale physics has been discovered to date, likely implying some degree of fine tuning

in the electroweak sector (see [43] for discussion). Furthermore, searches for WIMP DM through

missing energy at the LHC [75], scattering in underground direct detection experiments [76], and

indirectly through astrophysical gamma-ray [77] and cosmic-ray [78] signatures, in addition to

energy-injection in the early universe [79], tightly constrain the properties of a putative WIMP

DM candidate (but see [33] for a discussion of possible astrophysical anomalies hinting towards

WIMP DM). Theorists have played a crucial role in interpreting the null observations from

the ensemble of searches described above to tightly constrain natural solutions to the hierarchy

problem and WIMP DM in its simplest forms [74]. On the other hand, theorists have established

that WIMP DM is very much not dead [80]. Nearly-pure higgsino DM serves as an illustrative

example of a surviving WIMP DM candidate that is as an exceptionally well-motivated target

for upcoming experiments, as we now discuss.

Nearly-pure higgsino DM arises naturally in the context of top-down models such as Split

SUSY [81], where only the gauginos and higgsinos have masses near the TeV scale while the

sfermions and gravitino have masses of order a large SUSY-breaking scale &100 TeV. These

models preserve gauge unification and may still accommodate neutralino DM, at the cost of

introducing a sizable tuning between the EW scale and the SUSY-breaking scale. The higgsino

may naturally obtain the correct relic abundance if it has a mass 1.0 ± 0.1 TeV [82]. The

two neutral higgsino states can naturally obtain a small mass splitting from mixing with other

neutralino states. A mass splitting δmN ≈ 200 keV is needed in order to prohibit Z-exchange

for direct detection [83]; for splittings above this value the thermal higgsino direct detection

cross-section is below the neutrino floor, meaning that future direct detection efforts for higgsino

DM will be exceedingly difficult. On the other hand, as has been shown in a series of theoretical

works in recent years [84, 85], indirect searches for higgsino DM annihilation into gamma-ray

signatures will be conclusively tested in coming years with next-generation telescopes such as

the Cherenkov Telescope Array (CTA). For fully characterizing the signals of annihilating TeV
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higgsino DM, more theoretical work is needed, building off of the body of work mostly developed

in the last decade [41], to accurately account for Sommerfeld enhancement [86], re-summation

of Sudakov double logarithms [87], and the inclusion of continuum photons near the endpoint of

the spectrum [88].

WIMP DM connected to supersymmetry, and natural solutions to the hierarchy problem more

generally, remains a promising DM framework; for instance Twin Higgs models also contain a

variety of well-motivated DM candidates [12]. However, the past decade has seen enormous

progress, led by theoretical efforts, in constructing models of particle DM that go beyond the

WIMP paradigm. This explosion of DM model-building has substantially developed ideas for how

DM may be produced in the early universe as well as how it may be related to other unsolved

issues in particle physics. This theoretical effort has likewise substantially broadened the range

of DM signatures of interest in indirect detection, direct detection, and collider experiments.

Further discussion of specific particle DM models can be found in the contributed white papers

[11, 12, 15, 31, 34]; here and in the next two sections we discuss implications for the discovery

prospects of DM in both terrestrial and astrophysical experiments.

3.2 Indirect Detection in Cosmic Rays

The indirect detection of DM annihilation or decay in the local universe through its imprint on

cosmic rays is a key element of the program to detect and identify DM. In recent years, indirect

detection analyses have made major progress in exploring the parameter space where signals

are predicted in the most straightforward models, such as WIMP DM and sterile neutrino DM.

These two well-motivated models have historically provided much of the motivation for indirect

detection searches. Theorists have been key parts of this effort, and have developed new analytical

strategies and analysis tools for these searches [33,41]. Progress in experimental tests of these two

landmark signatures has been accompanied by a substantial broadening of astrophysical searches

for the imprint of DM in cosmic rays. Recent developments in DM model-building have expanded

the range of DM annihilation and decay signatures that are of interest to indirect detection,

providing models with novel spectral signatures, signatures that populate new kinematic areas,

signatures in novel final states, and signatures with unusual spatial distributions [11,12,15,34].

High-energy photons in the X-ray and gamma-ray bands are among the most sensitive cosmic

ray channels for detecting DM annihilation and decay in the low-redshift universe. As experi-

mental searches push into new regimes at both the high and low ends of this energy range, new

theoretical work is needed in many directions in order to ensure the full success of the experi-

mental program.

For one illustrative example, upcoming observatories such as the CTA, the Large High Alti-

tude Air Shower Observatory (LHAASO), and the Southern Wide-field Gamma-ray Observatory

(SWGO) [45] will deliver substantial new experimental sensitivity to very high energy photons.

However, accurately characterizing the signals of DM annihilation in the TeV regime where these

experiments have sensitivity has required a broad theoretical program to establish the effects of

electroweak interactions in both the size of the overall DM annihilation cross-section as well as

the resulting photon and cosmic ray spectra [89,90]. In addition, understanding the kinds of DM
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that experiments such as CTA, LHAASO, SWGO, and IceCube can discover relies on the ac-

tive theoretical development of models of ultra-heavy DM, which generally feature substantially

different cosmologies and/or production mechanisms than models of lighter DM [34].

For lower energy photons, e-Astrogram and AMEGO in the MeV range and ATHENA in the

X-ray band are expected to substantially increase the sensitivity to DM signatures of keV-GeV

DM. These missions will benefit from the large number of novel analysis techniques for DM

annihilation and decay that have been developed over the past decade. Examples of notable

theoretical development over the past decade that will influence analyses of future data include

[41]: (i) identifying new targets for DM annihilation and decay searches, ranging from newly-

discovered Milky Way satellites to possible DM-only halos to the column density of the Milky Way

itself; (ii) developing novel analysis techniques such as the cross-correlation of signals in different

data sets and machine-learning based techniques; and (iii) improvements in the modeling of

astrophysical backgrounds.

As a particularly well-motivated case, consider the Galactic Center gamma-ray excess (GCE)

observed in Fermi data. Understanding the origin of this novel gamma-ray emission is one of the

most urgent tasks facing indirect detection in the gamma-ray band. Work by theorists has been

a main driver in the development of novel analysis techniques and alternate searches to probe the

possible origin of the GCE, whether DM or otherwise [33]. Substantial theory work remains key to

identifying the origins of the GCE. There are many important directions where theoretical work

is needed to improve our understanding of both astrophysical and DM contributions; a common

thread among them is the use of intensive modeling to correlate input from multiple sources of

information (charged cosmic rays, photons in multiple wavelengths, hydrodynamic simulations,

measurements of stellar kinematics, stellar population simulations, and more) [33].

The GCE provides an excellent example of a case where innovative new methods from the

theoretical community have played an important role in identifying and characterizing the excess,

and also highlights the importance of a close connection between the theoretical and observational

communities. Attaining the best discovery prospects in indirect detection in general will rely on

both the continued creativity of the theoretical community and the synergistic dialogue between

theorists and observers.

4 Axions

The QCD axion is one of the most promising candidates for new physics. The chance for discover-

ing this particle, if it exists, over the next decade is high, thanks in large part to recent theoretical

breakthroughs. Axions have deep connections to a range of topics in theoretical physics including

DM, cosmology, and string theory, as we elaborate on below. Axions are light, bosonic particles

that are part of a broader class of possible new physics candidates that includes dark photons

and scalars, which could also be DM candidates. In this report we focus on axions, which pro-

vide a well-established and especially well-motivated example of these wave-like DM candidates.

However, scalars and dark photons, especially in the context of wave-like DM, have also seen
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enormous theoretical progress over the past decade and also have compelling ultraviolet and phe-

nomenological motivations, as summarized in the Snowmass2021 white paper [13] specifically on

these particles.

4.1 Axion Models

The QCD axion was originally introduced as a theoretical construct to address the strong-CP

problem. QCD coupled to massive quarks has a CP-violating angle θ̄ that generates a neutron

electric dipole moment (EDM): dn ∼ 10−16 e · cm (see [91, 92] for reviews). However, direct

searches for the neutron EDM have yet to yield a non-zero value, constraining |dn| . 3 × 10−26

e ·cm [93], which implies that |θ̄| . 10−10. Given the non-zero CP violating phase in the Cabibbo-

Kobayashi-Maskawa (CKM) matrix and P violation in the electroweak sector, CP and P are not

restored as symmetries of the SM if θ̄ = 0, making symmetry-based solutions to the strong-

CP problem difficult. With that said, a number of symmetry-based solutions to the strong-CP

problem have been proposed, based upon spontaneously broken CP or P symmetry [94–100]. A

crucial element of spontaneously broken P models is the existence of an extended electroweak

sector with e.g. SU(2)R and new strongly-interacting fermions charged under the right-handed

SU(2) sector. Direct searches for new physics associated with this extended sector are promising

avenues for new physics searches at the LHC and future colliders [101,102].

In contrast to the symmetry-based solutions, the axion is a dynamical solution to the strong-

CP problem. The axion is postulated as a pseudo-Goldstone boson of a symmetry, the Peccei-

Quinn (PQ) symmetry, that is broken at a high scale fa; the axion a would be massless but

for its coupling to QCD L ∼ aGG̃/fa, where G is the QCD field strength, G̃ is its dual, and

color and spacetime indices have been suppressed [103–106]. Below the QCD confinement scale

QCD instantons generate a potential for the axion V (a) ∼ Λ4
QCD(a/fa + θ̄)2, with ΛQCD the

QCD confinement scale and with interaction terms not shown; when the axion minimizes its

potential it dynamically removes the neutron EDM, which is proportional to the same combi-

nation dn ∝ (a/fa + θ̄) that enters into the potential. In addition to acquiring a small mass

ma ≈ 0.57 neV(1016 GeV/fa), the axion acquires interactions with electromagnetism of the form

L ⊃ gaγγaF F̃/4, with gaγγ = CaγγαEM/(2πfa) the axion-photon coupling, with Caγγ a dimen-

sionless and model-dependent number, and F the quantum electrodynamics (QED) field strength.

The axion also generically has dimension-5 derivative couplings to fermions. See [107] for a mod-

ern review of axion models that make specific predictions for the axion-photon and axion-matter

couplings.

Apart from the strong-CP problem axions are motivated for purely theoretical reasons because

they arise generically in the context of string theory constructions (see, e.g., [108]). The recent

work on axions illustrates the synergy between formal theoretical work, applied phenomenological

research, and experimental searches for new physics. For example, the last decade has seen

significant progress in understanding the properties of axions that emerge in the string landscape,

where quantum gravity effects are calculable. Ref. [109] computed the PQ-violating contributions

to the QCD axion potential in an ensemble of ∼100,000 type IIB string theory compactifications

and found that in 99.7% of those compactifications the quantum gravity contributions to the
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neutron EDM (i.e., the extent to which the PQ symmetry is broken) were below the current

experimental precision. This result reflects the trend observed in multiple recent works based off

of e.g. type IIB string theory, F-theory, heterotic string theory, and M-theory; high-quality axions

arise generically in these constructions. On the other hand, the string theory constructions have

led to the idea of the axiverse [110], which is the observation that string theory compactifications

typically do not just produce one axion but rather a large number N ∼ 10′s − 100′s of axion-

like particles, due to the number of higher-dimensional gauge fields and the complexity of the

compacified manifold. Axion-like particles are commonly referred to as ALPs (though we will

refer to them as axions, to be differentiated from the QCD axion). Axions may also be heavy, and

in particular the ∼keV - GeV mass range has been shown recently to lead to novel astrophysical

and terrestrial signatures (see, e.g., [3, 40]).

4.2 Axion Dark Matter

Shortly after the discovery of the QCD axion as a theoretical construct for solving the strong-

CP problem it was realized that cosmologically-produced, free axions could explain the observed

DM density [111–113]. The production mechanism for QCD axion DM depends crucially on the

ordering of inflation relative to PQ symmetry breaking (see [1–3, 40, 41] for discussions of axion

DM in the context of Snowmass2021). If the PQ symmetry is broken before or during inflation

and is not restored after inflation, then the DM abundance is determined by the misalignment

mechanism, which states that the cosmic axion field a(t) evolves, for generic initial conditions,

according to the homogeneous and linearized equation ä + 3Hȧ + m2
a(T )a = 0, with derivatives

with respect to cosmic time t, H the Hubble parameter, and m2
a(T ) the temperature-dependent

axion mass.

To compute the abundance of axion DM one must track the temperature-dependent axion

mass, which vanishes at temperatures well above the QCD phase transition and which asymptotes

to its zero-temperature value below the QCD phase transition. In particular, we may relate

the temperature-dependent mass to the temperature-dependent QCD topological susceptibility

χtop(T ) through the relation m2
a(T ) = χtop(T )/f2

a . For temperatures T � Tc, with Tc ∼ 170 MeV

the QCD critical temperature, the topological susceptibility may be computed in the dilute

instanton gas approximation. However, lower temperatures require lattice QCD simulations.

The lattice QCD results thus play a crucial role in determining the axion DM abundance, with

state-of-the-art predictions emerging over the past decade from dedicated lattice efforts [114–116].

On the other hand, it is possible that the PQ symmetry is restored after inflation and sponta-

neously broken in the subsequent thermal cooling of the universe. In this case the computation of

the DM abundance is more complicated because the initial misalignment angle varies from Hubble

patch to Hubble patch at PQ symmetry breaking, and yet these patches come into causal contact

with each other during the subsequent evolution. Topological defects known as axion strings arise

and play an important role in determining the final DM abundance, as they radiate axions during

their evolution. Moreover, leading up to the QCD phase transition domain walls develop between

the strings, which have tension and cause the string network to collapse, further producing axions

that contribute to the DM abundance. Attempts have been made for decades to calculate the DM
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abundance in this cosmological scenario, with predictions ranging from ma ∼ 10 µeV to ma � 500

µeV [117–120]. The past decade, however, has seen a revolution in the complexity and accuracy

of axion cosmology simulations, aided in large part by advances in high-performance computing.

Modern axion cosmology simulations take full advantage of cutting-edge supercomputing facil-

ities, and these computations will improve in accuracy further in the near future by leveraging

computational and technological advances. As of 2022 the leading prediction for the axion mass is

ma ∼ 100 µeV [121], but this result remains contentious [120,122,123]. Future effort is needed to

further refine the mass prediction. This theoretical work is crucial for the experimental program

because it informs which mass range experiments should target; for example, the results to date

point to axion masses above those probed by most resonant cavity experiments. This example

illustrates the importance of theoretical work in directly informing which experiments should be

focused on to have the best chances of discovering DM. See the Snowmass2021 white paper [12]

for a more extensive discussion of axion DM production mechanisms.

4.2.1 Fuzzy Dark Matter

Axion-like particles, which do not couple to QCD but have small bare masses or small masses

from confining dark sectors, may also make up a sizeable fraction of the DM. The axion-like

particles could achieve their relic abundance either through the misalignment mechanism, like

the QCD axion, from topological defects like axion strings, or through more exotic production

mechanisms [70]. Indeed, the misalignment production mechanism predicts that the correct DM

abundance is achieved for axion masses ma ∼ 10−22 eV with GUT-scale decay constants; such

DM candidates are referred to as fuzzy DM (see, e.g., [124]). Fuzzy DM has received a boom of

interest over the past decade because of possible connections to string theory, which as discussed

may give rise to a large number of axion-like particles and non-perturbative mechanisms for

generating exponentially-suppressed masses at the right mass scale, and because of the fact that

fuzzy DM modifies structure on astrophysical scales (see [125] for a recent review and [23] for a

discussion in the context of Snowmass2021). In particular, fuzzy DM suppresses the number of

DM halos at masses less than ∼1010(ma/10−22 eV)−3/2 M�, while the central cores of fuzzy DM

halos may be solitonic [125]. Fuzzy DM may also reduce the dynamical friction that objects feel

in DM halos [124]. More generally, over the past decade fuzzy DM received a wave of interest

in part to explain a number of apparent failings of the standard cosmological model on small

astrophysical scales, including the lack of low-mass subhalos of the Milky Way and the “too-big-

to-fail” problem associated with the lack of high-luminosity satellite galaxies.

On the other hand, fuzzy DM has become increasingly constrained in the latter half of the past

decade, thanks to theoretical efforts in understanding the astrophysical implications of fuzzy DM,

cosmological and galactic-scale simulations incorporating fuzzy DM, and new data (see [39, 41]

for discussions in the context of Snowmass2021). The DM mass is now constrained to be ma &

2 × 10−20 eV from analyses looking for suppressed structure on small scales in the Lyman-

alpha forest [126], while direct searches for suppressed power in the halo-mass function constrain

ma & 2×10−21 eV [127]. Recently, masses less than ∼10−20 eV have been shown to be disfavored

by rotation curve data [128]. These recent results, while unfortunately null, represent a triumph
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of the theoretical work that has been performed over the past decade. (See the Snowmass2021

white papers [24] and [23] for a more thorough discussion of fuzzy DM.)

4.3 Axion Indirect Detection

It has long been understood that axions could leave detectable astrophysical signatures by mod-

ifying stellar cooling. However, in the past decade a number of novel astrophysical probes of

axions and axion DM have been developed, in part because of input from string theory moti-

vating axion-like particles and in part from considering a broader parameter space for the QCD

axion. At the same time, the stellar cooling probes have been refined, such that at present the

strongest constraints on the QCD axion and axion-like particles, apart from a narrow mass range

probed by the ADMX experiment, arise from astrophysical probes (see [3,41] for a discussion in

the context of Snowmass2021). Theorists have been crucial in developing the ideas behind these

searches and implementing them with astrophysical data.

For example, the axion-nucleon sensitivity has recently been improved by neutron star (NS)

cooling modeling efforts, constraining the QCD axion mass to be less than ∼ 10–30 meV, depend-

ing on the ultra-violate (UV) completion [129]. Recent modeling efforts for axion production in

the context of SN 1987a produce comparably strong results [130]. In total, thanks to a variety of

creative stellar cooling probes that have been developed and implemented over the past decade,

QCD axions with masses above ∼10 meV are strongly disfavored, though intriguingly stellar

cooling anomalies do exist, for example in the context of WD cooling, which could be explained

by a lower-mass QCD axion [131–133].

The realization that axion-like particles with coupling strengths slightly below current con-

straints are well motivated by high-scale modeling efforts, such as string theory axion construc-

tions [134], has helped stimulate a wave of brand new ideas for probing axions using astrophysical

data over the past decade. For example, it was shown that axion DM may convert into narrow

radio lines around NS magnetospheres, drawing radio telescopes into the search for axion DM and

enriching the science case for upcoming missions such as the square kilometer array (SKA). Sim-

ilarly, in seminal papers [110, 135] at the beginning of the past decade it was shown that black

hole superradiance could probe ultralight axions motivated by string theory and the axiverse,

catalyzing the creation of an entire subfield now spanning the theoretical and observational com-

munities, including the gravitational wave community, looking for effects of axion-induced black

hole superradiance. See the Snowmass2021 white papers [3,36,41] for more thorough discussions.

A key point behind theoretical work in astrophysical probes of new physics is the ability of

research to connect formal aspects of theoretical physics with cutting-edge data through astro-

physical modeling. For example, black hole superradiance arose from curiosity-driven investiga-

tions of black holes (e.g., [136–139]), which evolved to the realization that superradiance could

play a relevant role in astrophysics if ultralight axions exist in nature (e.g., [110]). These initial

works were followed by hundreds of dedicated phenomenological studies, including projected sen-

sitivities and search strategies using near-term instruments, investigations of the broader particle

parameter space to e.g. include spin-1 particles and the effects of self-interactions, and evolution

in more complicated environments such as binary systems [3]. Now, specific, simulation-based
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predictions for current and near-term gravitational wave detectors provide benchmarks for the

gravitational wave science case.

4.4 Axion Direct Detection

The last decade has seen a paradigm shift in the way that axion DM is searched for in the labora-

tory (see [1,40] for Snowmass2021 summaries). Before ∼2013 terrestrial axion experiments were

essentially of three types: (i) light shining through walls experiments; (ii) axion helioscopes look-

ing for axions produced in the Sun; and (iii) axion resonant microwave cavity haloscopes looking

for axion DM. These latter two experimental pathways were proposed originally in a seminal

theoretical paper by Sikivie from the early 1980’s [140], with the former proposal originating later

in the 1980’s [141]. Sikivie’s original theoretical work in particular on axion direct detection laid

the groundwork for the majority of the following nearly four decades of experimental effort to

detect axions in the laboratory. Until recently there were two main experimental collaborations

for axion laboratory detection: the CERN Axion Solar Telescope (CAST) axion haloscope exper-

iment [142] and the Axion Dark Matter Experiment (ADMX) G2 [143–145], which is currently

one of the three US flagship DM experiments.

ADMX is a resonant microwave cavity experiment, which works by applying a strong, static

magnetic field inside a high-quality factor microwave cavity. Axion-to-photon conversion takes

place in the cavity, and if the cavity resonant frequency is tuned to the axion mass the resulting

signal may be further amplified. A tuning rod is used to adjust the cavity resonant frequency and

thus scan over different axion masses (see [1] for additional planned microwave cavity efforts).

However, despite the success of the microwave cavity haloscope efforts, there are clear limitations

with this approach when going beyond ∼1-100 µeV in axion mass. First, the cavity size should

be roughly matched to the axion Compton wavelength, which is λ ≈ 25 cm (5 µeV/ma); axion

masses ma � 10−6 eV would thus require unreasonably large cavities. On the other hand, the

signal power is proportional to the cavity volume, which scales like λ3; at higher masses it thus

becomes difficult to achieve the necessary signal-to-noise ratio, amongst additional experimental

issues [1].

Thanks to pioneering theoretical effort, followed by bold and innovative small-scale exper-

imental programs, there now exist proposals for probing nearly the entire currently-allowable

QCD axion mass range. An important theoretical observation at the beginning of the last decade

was that the axion, while it solves the strong-CP problem by removing the time-averaged neutron

EDM, leaves a time-varying, residual EDM when the axion is DM [146, 147]. Since the EDM is

proportional to the axion field, the oscillation frequency is simply the axion mass. This led to the

proposal for the CASPEr experiment [148], which aims to detect the oscillating axion-induced

EDM using a nuclear magnetic resonance based experiment. That proposal is now an experimen-

tal collaboration pursuing GUT-to-Planck scale QCD axion DM. A similarly ground-breaking

discovery came from the observation that by thinking more broadly about the modifications

to Maxwell’s equations in the presence of axion DM, experimental setups could in principle

be constructed that would be sensitive to GUT scale axion DM using the axion-photon cou-

pling [149, 150]. In the limit where the axion Compton wavelength is much larger than the size
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of the experiment, axion DM modifies electromagnetism so as to induce effective currents that

follow laboratory magnetic field lines and oscillate at the frequency of the axion mass. In the

setup in [150], for example, a toroidal magnet in the laboratory would induce an effective circular,

oscillating current density in the presence of axion DM, which creates a real, oscillating magnetic

flux through the center of the toroid; the proposal is to detect this oscillating flux using a pickup

loop and SQUID circuit. Moreover, the induced signal is narrow in frequency space, meaning that

it may be resonantly enhanced using an LC circuit [149–151]. The theoretical proposal in [150]

became the basis of the ABRACADABRA 10-cm collaboration [152]. The ABRACADABRA

collaboration has joined with the DM Radio collaboration to propose multiple experiments over

the next decade to probe QCD axion DM with decay constants near and below the GUT scale.

See [1, 40] for discussions in the context of Snowmass2021 of additional novel theoretical ideas

for probing axion DM, and low mass DM generally, many of which have led to the creation of

dedicated experiments.

4.5 Axions in Cosmology

Axions are a striking example of how the history of the universe is interconnected with the laws of

nature. They could be essential to cosmic acceleration, at early times via inflation, as a possible

source of dark energy today, or at any time in between (the latter being motivated by attempts

to address the Hubble tension). Furthermore, both hot and cold components of the axion field

are important for the evolution of the universe starting from the hot big bang through structure

formation.

Axions have played a dominant role in our inflationary model building both in string theory

and field theory, dating back to the advent of natural inflation [153]. As the potential is only

generated non-perturbatively, axion models of inflation are typically more robust to quantum

corrections. Continued exploration of these models has consistently unearthed new phenomena,

including monodromy [154,155] and novel sources of particle production. For high scale inflation,

the axion decay constant that would be needed exceeds that Planck scale, motivating the explo-

ration of whether such models can arise from a consistent ΛCDM completion [28]. Axions may

also be light spectators during inflation. Even without playing an active role during inflation,

these fields will still be excited from the vacuum by the expansion of the universe and correspond

to isocurvature modes during inflation.

After inflation, the universe reheats and gives rise to the hot big bang. The SM particles

remain in thermal equilibrium as the universe cools, up until neutrino decoupling begins at

temperatures of a few MeV. Axions can be thermalized at any point during this epoch, depending

on the strength of the coupling to the SM. If thermalized, these hot axions will contribute to

Neff as measured through the primordial abundance of elements, the CMB, and the LSS of the

Universe [10]. In the absence of a large number of new massive degrees of freedom or departure

from equilibrium, each axion will contribute ∆Neff ≥ 0.027, even if the axion decouples near

the reheating temperature. This is an exciting target that is driving the design of future cosmic

surveys.

In contrast, if the PQ symmetry is not restored after inflation, any isocurvature fluctuations
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produced during inflation will survive through today. Constraints on isocurvature around the era

of recombination are strongly probed by the CMB. In addition, these isocurvature modes will

also impact the Baryon Acoustic Oscillations (BAO) and are a potential target for future large

scale structure surveys.

5 Light Dark Matter and Dark Sectors

The past decade marked a turning point in the approach to understanding the microscopic nature

of DM. As already stressed, prior to the LHC era, WIMP DM was the standard paradigm that

drove theoretical and experimental efforts. However, the lack of data supporting WIMP DM (or

other new physics at the electroweak scale, such as supersymmetry) has caused the community

to question whether WIMP DM is realized in nature. Generally, this question has been the

driving force behind progress in the search for DM over the past decade. On the one hand,

as discussed in the previous sections, a significant amount of recent theoretical work has been

focused on better probing long-motivated DM models such as the QCD axion and currently (or

previously) unprobed regions of WIMP DM parameter space, such as the supersymmetric winos

and higgsinos. On the other hand, there has been an increasing push to develop bottom-up DM

models, beyond the WIMP, and search strategies that are signature-driven and built upon EFT

principles, instead of being motivated by ultraviolet considerations.

A key area where this new approach to DM model building and detection has seen rapid

progress is that of sub-GeV dark sectors [156–159]. The basic idea behind such constructions is

to postulate additional, light BSM particles that are singlets under the SM gauge symmetry and

may or may not have self-interactions, which may be relatively strong. New particles of nature

with masses at or below the GeV scale must necessarily interact very feebly with the SM in order

to be consistent with tests of the SM. If DM resides in the dark sector it can talk to the SM

through a number of feebly-coupled portals. This is contrasted with e.g. the WIMP paradigm

where the DM is charged under the electroweak force; in the dark sector paradigm, the DM

is neutral under the SM. Dark sector constructions often contain light mediators that can be

directly probed by experiments. This differs from axion models, where the mediating particles

are often extremely heavy, with masses as high as the GUT scale.

One canonical category of dark sector models is that where the mediator is a dark photon that

kinetically mixes with the ordinary photon [160]. In a minimal construction the dark photon is

a portal to a dark fermion or dark scalar that is the DM candidate (see, e.g., [157]). The

DM abundance may be achieved through standard thermal freeze-out by off-shell dark photon

production, with a sub-GeV mass possible, depending on the dark photon mass and coupling

constant. However, powerful constraints from indirect detection, such as the CMB [46, 79],

require that the DM be heavier than tens of GeV if it annihilates through s-wave processes

(this is the case for the above example of a dark fermion annihilating through an off-shell dark

photon). These constraints are circumvented if DM annihilates though p-wave processes (such

as a dark scalar in the above example or a Majorana fermion), or if DM is produced through

another mechanism, as discussed below.

20



An intriguing and generic possibility, however, is that where the portal interaction is too

weak to ever cause the DM to come into thermal equilibrium with the SM. In this scenario a

relic DM population can be produced through the “freeze-in” mechanism, where DM is produced

slowly by interactions, such as decays or scattering, that are too weak to thermalize the DM [161–

163]. In the limit of a light mediator, the minimal dark photon portal model can give a precise

prediction for the dark photon couplings needed to get the correct DM abundance from freeze-in,

given a DM mass. This, in turn, leads to a precise prediction for DM scattering rates at direct

detection experiments [157, 162, 164]. The minimal freeze-in scenario has become a benchmark

for experimental efforts pushing to lower DM masses, as we discuss shortly. DM produced by

freeze-in is an example of a Feebly Interacting Massive Particle (FIMP). In FIMP models [165],

the DM interactions are too weak to lead to thermalization, unlike the WIMP scenario, where the

DM-SM interactions are strong enough to thermalize the DM. Other example of FIMPs include

SuperWIMPs (also known as freeze-out and decay) [166] and the production of sterile neutrinos

from oscillations [167].

DM masses at or below the GeV scale are now known to arise in a variety of novel dark

sector scenarios. Examples include asymmetric DM models that relate DM and baryon asym-

metries [168, 169], Strongly Interacting Massive Particles (SIMPs), where the DM abundance is

determined by the freeze-out of 3 → 2 processes [170, 171], semi-annihilations where two DM

particles annihilate to one DM particle and another state [172], forbidden channels where DM

annihilates into heavier states [173, 174], co-annihilations where multiple states participate in

the annihilations [173, 175], and coscattering where DM is produced by scattering instead of

annihilations [176].

5.1 Light Dark Matter Direct Detection

Prior to the early 2010s, the experimental effort for seeking the direct detection of DM was

singularly focused on elastic or inelastic scattering off of nuclei. However, at the beginning

of the past decade, motivated by sub-GeV dark sector modeling efforts, a range of theoretical

proposals was put forth for detecting novel inelastic DM interactions with electrons in materials

(see, e.g., [162,177–179]). The advantage of scattering off of electrons for light DM is clear: since

the electron has less mass, it acquires a larger recoil energy relative to nuclei during scattering

processes. Since electrons tend to be bound, DM-electron processes tend to be inelastic (e.g.,

ionization).

Theoretical work was crucial in producing the first constraints on sub-GeV DM, down to

a few MeV, by searching for ionization signatures from DM-electron scattering in XENON10

data [180]. It was also proposed that semi-conductor targets might be even better suited for light-

DM searches, since the DM would in principle just need enough energy to push an electron over

the band-gap in order to produce a detectable signature, though calculating the scattering rates is

non-trivial and connects with cutting-edge topics in condensed matter physics [162,178,179,181].

The theoretical work showing the promise of semiconductor targets for light DM motivated an

experimental research program to try to detect one or few electron events, which would make the

detectors sensitive to DM depositing just enough energy to push an electron above the band gap
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(corresponding to e.g. 500 keV DM for scattering and ∼1 eV DM if absorbed, for a Si target). The

detection of single electron scattering events is now possible, as demonstrated by the SuperCDMS

and SENSEI collaborations [182,183]. On the experimental side, reaching the thresholds pointed

out in the theoretical works has brought about the successful demonstration of multiple types of

novel quantum sensors, such as Skipper-CCDs and high-voltage charge amplification transition

edge sensors. The theoretical and experimental communities joined forces to form the SENSEI

collaboration, which has already produced first results [184–186] and which aims to detect sub-

GeV DM at the freeze-in level, and SuperCDMS, DAMIC, and EDELWEISS have also achieved

comparable sensitivity to DM-electron scattering events in solid-state detectors [187–190]. Larger

solid-state detectors, building off of the original theory proposals and successful experimental

demonstrations, are now being planned and promise to detect or exclude the freeze-in DM bench-

marks [191,192]. Furthermore, there continue to be fruitful theoretical proposals, often followed

through by small-scale experimental demonstrations, for pushing the low-threshold frontier, such

as searching for DM scattering in scintillating crystals [193], aromatic organic targets [194], two-

dimensional targets with directional information [195], three-dimensional Dirac materials [196],

and superconducting nanowires [197], amongst other possibilities (see [40] for a more extensive

discussion for Snowmass2021). On the other hand, the low-threshold detectors will only prove

useful if the backgrounds are minimized with well-understood rates. Recently, theoretical work

has contributed significantly in this direction (see, e.g., [198]). Future theoretical work on under-

standing the background rates in novel detectors will be crucial for the success of the low-threshold

experimental program.

DM with mass below∼keV should be bosonic in order to satisfy the Tremaine-Gunn bound [199],

which states that fermions with too low masses cannot make up the DM because the largest-

density DM objects, such as dwarf galaxies, would require multiple particles to occupy single

quantum states, which is not allowed for fermions. However, there are many well motivated

sub-keV bosonic DM models, such as axion and dark photon models. In the limit where these

particles have masses much less than an eV, it is appropriate to think of the DM as classical

waves, while if the DM has mass well above the eV scale then the particle language is more ap-

propriate. However, it has only become clear how to approach the detection of ∼eV scale bosonic

DM candidates recently, when it was pointed out that they could be absorbed in photonic ma-

terials [200]. These so-called “optical haloscopes” operate using alternating dielectric layers to

enhance the axion-photon conversion probability at optical frequencies (see the MADMAX ex-

periment [201] for a similar idea applied to lower frequencies). The theoretical proposal in [200]

has already led to the creation of two experimental collaborations searching for eV-scale axions

and dark photons: LAMPOST [202] and MuDHI [203].

5.2 Accelerator Searches for Dark Sectors

The realization that DM may reside in a dark sector feebly coupled to the SM has come with the

understanding that in many dark sector models the most promising detection strategy is to search

for the mediator itself in accelerator-based experiments. The search for feebly-coupled mediators

at collider experiments has emerged as a major new discovery program and is distinct from the
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traditional approach to new physics searches at colliders, which tends to focus on probing new,

relatively strongly-coupled states with masses closer to the energy frontier. In fact, light dark

sector models are often most strongly constrained by their accelerator signatures, as elaborated

in a number of recent theoretical works (see, e.g., [204] and references therein). Theorists have

played crucial roles not only in introducing the theoretical concept of dark sectors and developing

related concepts, like the phenomenology of long-lived particles, but also in proposing concrete

experiments to search for such new physics, many of which have already taken data or are in

the construction phases. Below, we highlight a few examples where theorist-driven proposals

have matured into accelerator-based experimental collaborations. (See [40] for a more extensive

discussion in the context of Snowmass2021.)

In a seminal theoretical paper around a decade ago, it was pointed out that results from a

number of existing beam dump experiments could be reinterpreted to set strong constraints on

massive dark photons, like those found in many dark sector scenarios, and that new dedicated

accelerator experiments, using existing technology, could significantly expand the reach to dark

photon and dark sector scenarios [205]. This led to a number of theoretical proposals for dedicated

or auxiliary dark sector accelerator-based searches over the past decade, many of which have

already turned into actual experiments or are funded and in construction phases. For example,

the APEX experiment at Jefferson Lab [206], which is an electron fixed-target experiment looking

for dark photon production following by decays to e+e−, was a direct product of the proposals

in [205], as was the dark photon search at the Mainz Microtron [207] and the Heavy Proton

Search Experiment [208].

Dark sector DM may also be generated directly in collider experiments. Theoretical work [209]

pointed out that this strategy could also be applied to accelerator-based neutrino experiments,

such as LSND and MiniBooNE, which went on to become part of the neutrino experiments’

science program [210, 211]. It was also realized that electron beam dumps, followed by down-

stream detectors, could also be used to search for dark-sector DM candidates [212,213].

Theorists have similarly pointed out that LHC experiments can operate symbiotically with

down-stream or nearby auxiliary detectors designed to search for long-lived states that may other-

wise escape the primary LHC experiments undetected. For example, the FASER experiment [214]

was initially proposed in a 2017 theory paper [215]. FASER, which has already begun installa-

tion, will search for long-lived particles, such as dark photons, that are produced at the primary

ATLAS interaction point with high rapidity and then decay in the FASER detector to e.g. lepton

pairs. FASER is representative of a broad class of new LHC experiments that have been proposed

to search for new dark-sector or long-lived states far away from the primary interaction points,

including MilliQan [216], MATHUSLA [217], and CODEX-b [218].

The LDMX experiment is another example of a novel detector concept that came out of

theoretical work exploring possible ways of detecting feebly-coupled dark-sector particles. In

particular, theoretical work pointed out that dark sector models could be searched for by looking

for their missing momentum signatures at fixed target experiments. Smaller couplings with

the SM could be probed since one does not have to both produce and detect the dark sector

particles [219]. The missing momentum approach to dark sector searches became the basis of the
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LDMX experimental proposal [220].

Above, we enumerate a number of new accelerator-based detectors that arose from theoreti-

cal proposals for probing motivated dark sector parameter space, and that of long-lived particles

more generally. However, in the past decade it has also been increasingly understood, thanks to

theoretical efforts, that ATLAS, CMS, and LHCb may also be sensitive to dark sector paradigms

using novel analyses [40]. Searches of interest in dark sector models span a wide range, from

light BSM states produced in meson decays to spectacular high-multiplicity events. While the

connections between collider signatures and early universe dynamics are highly model-dependent,

high-multiplicity and/or displaced signatures constitute a powerful if technically challenging dis-

covery opportunity at colliders and have become a growing focus of interest [221]. One major

driver of theoretical work in this area is the need to assess current trigger coverage at the main

LHC detectors and, critically, inform future trigger strategies, in order to maximize the chance

that new physics produced at the LHC will indeed be detected, no matter how unconventional

its signatures appear.

Broadly speaking, these examples illustrate how over the past decade theoretical constructions

of dark sector DM models have caused theorists to propose novel laboratory-based experiments

and analyses (in this case, accelerator experiments), which have become one of the central focuses

of the high-energy experiment community today.

6 Data-Driven Cosmology

Cosmological observations offer the unique opportunity to reconstruct the history of the universe

and the laws that shaped it. We map the universe in frequency and angle (for both light and

gravitational waves) from the local universe to the farthest cosmological distances. It is through

our theoretical understanding of the forces that shaped the cosmos [5] that we can then reconstruct

the expansion history, search for new particles and forces, identify new objects, and more.

6.1 Cosmic Microwave Background

The cosmic microwave background has been the main driving force in cosmology to date. It

provides the most precise measurement of cosmological parameters, both in ΛCDM and many

extensions thereof. Importantly, with polarization data from Planck [46], these constraints are

now robust to multi-parameter extensions of the cosmological Standard Model. As CMB detector

noise levels continue their Moore’s law-type improvement [7–9], the impact of CMB data will

depend increasingly on theoretical techniques to isolated different physical effects that alter these

maps. CMB photons are both gravitationally lensed [222] and scattered [223] by the matter

between us and the surface of last scattering. Ongoing theoretical work has shown how these

effects can be removed from the CMB maps using their statistical properties and frequency

dependence. In the process, we create new maps for the distribution of matter in the universe

and the locations of high redshift galaxy clusters. These maps can themselves contain valuable

information about the history of the universe and fundamental physics. For example, the lensing

of the CMB is expected to play an essential role in detection of a non-zero sum of the neutrino
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masses [224] and other light (but massive) particles [10] with the next generation of cosmic

surveys. CMB bounds on light relics already provide the leading constraint on many reference

models of feebly-interacting particles in substantial portions of parameter space (see, e.g. [159]).

Galactic foregrounds, particularly from dust, present an additional challenge to CMB mea-

surements, particularly for the measurement of primordial gravitational waves via the polar-

ization B-modes [225, 226]. Polarized dust emission in our galaxy produces both E-modes and

B-modes [227]. The amplitude of the B-modes from dust, at the peak CMB frequencies, is larger

than the expected primordial signal and must be removed from the maps in order to constrain

or detect gravitational waves from inflation [228]. Our understanding of these dust signals from

first principles is limited but has been bolstered by simulations [229, 230] and data-driven tech-

niques [231,232]. Continued development of these techniques will be essential in order to reach the

sensitivity goals of the next generation surveys like the Simons Observatory [233], CMB-S4 [9],

and CMB-HD [8].

6.2 Gravitational Wave Observatories

Gravitational waves produced after inflation are an increasingly compelling window into the

history of the universe. This includes both gravitational waves produced during reheating and/or

phase transitions in the early universe [44] and from mergers of black holes, neutron stars, and/or

more exotic objects [18]. Given that the universe is transparent to gravitational waves, this

presents a unique opportunity to probe important events throughout cosmic history and not just

after recombination.

One of the guaranteed signals in the coming generation of observations is the measurement of

the expansion history via the gravitational wave signal from binary inspirals [18]. The increasing

sensitivity of surveys will allow for the discovery of many more binaries at much larger distances.

However, with this increased sensitivity comes much higher demands of accuracy for the inspiral

templates. Generating templates at the accuracy needed for future observatories will require a

variety of theoretical tools, in addition to simulations [234], that connect observational needs to

the most fundamental questions about the nature of gravity. The current state of the art for

analytic calculations has been pushed forward by a combination of EFT [235] and amplitudes

techniques [236]. In addition, these calculations expose unusual properties of black hole Love

numbers [237], which has driven purely theoretical investigations into the symmetries of horizons.

The calculation of the waveform from amplitudes techniques also benefits and exposes properties

of the double copy [238].

6.3 Large Scale Structure

The distribution of galaxies at lower redshifts is an increasingly important window into the uni-

verse [19–22]. In many ways, the raw statistical power of large scale structure surveys rivals the

CMB today and will rapidly exceed it with surveys like DESI [239] and Euclid [240]. Unfortu-

nately, our ability to use these maps to understand the universe is limited by our understanding

of nonlinear structure formation and astrophysical uncertainties, not simply statistics. Theoret-
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ical insights paired with increasingly sophisticated simulations have made many new and more

powerful analyses possible [5], but much work remains if we are to harness the full power of these

surveys for fundamental physics.

On the largest scales, EFT [241–243] and perturbation theory [244] techniques are sufficient

to model both the DM, baryons and tracers thereof. Work on the effective theory of large scale

structure has made the regime of validity transparent, along with the systematic expansion in the

density, and has opened the door to analyses of the full-shape matter power spectrum [245,246]

and bispectrum [247, 248] that have never previously been done (and were first performed by

theorists). Unlike in the CMB, EFT techniques [6] (including the bias expansion for galaxies [241])

are essential as the microphysics is not known in detail. One of the fundamental principles of

EFT is that unknown short distance physics can be absorbed into the parameters of the EFT,

allowing us to fit the EFT parameters to data without the need to simulate this short distance

physics perfectly. Many signals of interest can also be cast into an EFT framework [6,41] so that

both the fundamental and astrophysical components of the data can be measured simultaneously.

In addition to modeling the LSS perturbatively, theoretical understanding of both the signal

and the nonlinear evolution have yielded a number of protected observables, quantities that

we can measure that are largely not impacted by nonlinear evolution. The BAO are one of

the most significant examples: although the oscillatory feature appears at the nonlinear scale

in the matter power spectrum, it corresponds to physics at the distance of the sound horizon

at recombination [249]. Since the DM moves slowly, its nonlinear evolution cannot mimic this

large scale effect. For this reason, measurements of the BAO have been demonstrated to be

highly robust to nonlinearity, yet can include modes that would typically be omitted from a

power spectrum analysis [250]. Further work has revealed that the phase of the BAO oscillation

is also protected from nonlinear corrections [251], enabling a new constraint on Neff from LSS

alone [252]. Furthermore, additional oscillatory signals from inflation can also be searched for

in the nonlinear regime for the same reason and give rise to the best constraint on primordial

features to date [253]. Naturally, the special features of the BAO are not limited to the power

spectrum, and oscillatory higher point functions related to the BAO [254] or inflation [255] can

also be analysed in the same way [256].

Searches for primordial non-Gaussianity [4] in large scale structure are protected from non-

linear evolution for their own distinct reasons [257]. Local non-Gaussianity, parameterized by

f loc
NL, arises in multi-field inflation (more than one nearly light field), and produces a scalar metric

fluctuation

Φ(~x) = ϕg(~x)− f loc
NLϕ

2
g(~x) + . . . , (6.1)

where Φ(~x) is the Newtonian potential and ϕg(~x) is a Gaussian random field. The resulting

statistics violate the signal-field consistency conditions [258,259]. More dramatically, it was shown

by theoretical arguments and validated with simulations that these non-Gaussianity statistics give

rise to scale dependent bias [260], namely the density contrast of galaxies δg(~x) ∝ f loc
NLΦ(~x). As

Φ is unphysical in Newtonian gravity (by the equivalence principle), this signal cannot arise

from short distance nonlinearities. These implications can be generalized as a set of large scale

structure consistency conditions [261,262]. Even additional heavy fields that are produced during
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inflation will violate these conditions, providing an avenue to measure the spectrum of particles

present during inflation with large scale structure surveys [263]. New types of protection relevant

to other forms of non-Gaussianity may emerge at the level of the maps of LSS to enforce local

and causal evolution.

These insights into the nature of the cosmological signals have driven major progress in ana-

lyzing data from surveys. For illustration, the BAO feature is famously sensitive to large-scale ve-

locity effects. In current analyses, these bulk effects are measured and removed using BAO recon-

struction [264]. Similarly, for primordial non-Gaussianity, our understanding of scale-dependent

bias alone is expected to provide the dominant constraint on local non-Gaussianity [265]. Our

understanding of this signal also led to the development of cosmic variance cancellation [266]

which is likely to be an essential tool in upcoming surveys [267].

The continued understanding of cosmological data in the context of BSM physics is important

for developing new strategies for analyzing cosmological data. The impact of DM around the time

of recombination continues to inform new analyses of cosmological data including the effects of

annihilation, decay and interactions with baryons. In addition, light axion-like particles produce a

wide range of effects on cosmological scales, including modulating the time series data from CMB

polarization [268]. These theoretical insights expand the scientific impact of existing surveys and

shape the goals and design of future projects.

6.4 Small Scale Structure

Over the next decade astrophysical surveys will provide an unprecedented amount of information

about the DM distribution on galactic and sub-galactic scales [39, 41]. These observations will

substantially expand the census of dwarf galaxies and have the potential to detect DM-only

halos through their gravitational interactions, e.g. through strong gravitational lensing or the

disruption of stellar streams. The small-scale cutoff in the matter power spectrum depends on

the particle properties and interactions of DM, and new observations sensitive to the small-

scale matter power spectrum have the potential to provide powerful and possibly conclusive

tests of the cold DM hypothesis. Large- and small-scale simulations of gravitational dynamics,

essential to understanding cosmological data in many scenarios, will be particularly critical to

translate the forthcoming wealth of galactic-scale observations into reliable inferences about DM

properties [24,41].

On small scales, the density contrast becomes order one and perturbative methods break

down. In addition, on these nonlinear scales baryonic feedback significantly alters both the

distribution of DM and the formation of galaxies. DM-only simulations have been important

in understanding this regime, but have left a number of outstanding problems concerning the

distribution of matter on small scales, including the DM at cores of galaxies and the number

of satellites. Simulations of DM and baryons, including feedback from active galactic nuclei

and supernovae, have suggested that baryons could play a significant role in addressing these

problems [269]. In contrast, a number of models of DM [12] have been proposed that would

alleviate these tensions between simulations and observations, by introducing small-scale cutoffs

in the matter power spectrum, giving DM self-interactions, or both [23]. Meanwhile, for many of
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the novel observational avenues proposed to probe small-scale DM structure using the Vera C.

Rubin Observatory, JWST, and the Nancy Grace Roman Space Telescope, novel hydronamical

simulations are necessary in order to establish clear predictions; for many of these types of probes

such simulations are still at very early stages of development [39].

Continued development of simulations on both cosmological and galactic scales are there-

fore essential to our understanding of the fundamental physics of DM [39, 41] and the astro-

physics of galaxies and galaxy clusters. This will require not only advances in modeling baryons

within cosmological simulations, but also in simulating halo formation in models of DM with

astrophysically-important particle properties.

DM with sufficiently complex particle interactions may have even more dramatic effects on

structure within galaxies, particularly if this DM makes up only a fraction of the DM of our

universe. In parts of model space this DM may form collapsed dark structures, whether through

dissipative dynamics, condensation, or as primordial BHs [12, 23, 36, 37]. The typical scales and

distributions of the resulting objects are highly model-dependent, but offer new and distinct

avenues for gravitational probes, whether through gravitational waves, extended dark structures

such as miniclusters, or dark compact objects.

At very small scales (Earth mass and below), corresponding to scales that entered the hori-

zon prior to BBN, a variety of mechanisms can lead to a dramatically increased abundance of

DM microhalos [23]. Departures from radiation domination prior to BBN, e.g. an early matter

domination era (EMDE), can give rise to substantial enhancements in primordial perturbation

growth on scales that experience this modified expansion, up to a small-scale cut off that depends

on the microphysics governing both DM and the particles responsible for generating the modified

expansion [270,271]. Provided that density perturbations remain linear during the EMDE itself,

and that DM remains sufficiently cold following the EMDE, this period of rapid perturbation

growth can give rise to enhanced small-scale structure in the late universe [23]. The microhalos

that form out of the resulting density field collapse much earlier than they would in a standard

ΛCDM cosmology, resulting in substantially denser structures that can persist within galactic

environments today.

Nonthermal DM dynamics in the early universe can also lead to similar kinds of enhanced

DM microstructures. Axion minihalos are perhaps the primary example. Enhanced small-scale

structure can also arise in theories where DM is produced purely gravitationally by stochastic

fluctuations during inflation. This inflationary production of DM results in DM isocurvature per-

turbations, which are notably constrained on the scales probed by the CMB. These constraints

are challenging for the gravitational production of scalar DM, but unlike for scalars the inflation-

ary fluctuations in (longitudinal) vector fields are not scale-invariant: the dimensionless power

spectrum instead goes like ∆2 ∼ (kHI/m)2, which is peaked at the scale k ∼ amm, where am is

the scale factor for which H(am) = m [23]. This matter power spectrum is also enhanced on small

scales compared to ΛCDM and similarly gives rise to an enhanced population of early-forming

minihalos.

If DM has an annihilation cross-section into visible particles, then having an O(1) fraction

of DM bound into these dense microhalos provides an enormous boost to the annihilation rate,
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allowing stringent constraints to be set on these scenarios already from Fermi observations [23].

Discovering and characterizing an enhanced microhalo population using purely gravitational in-

teractions is more futuristic. Some promising observational avenues are pulsar timing arrays and

cluster caustic microlensing [2, 23]. Although observational capabilities for both of these signa-

tures are set to dramatically improve over the next decade, substantial theoretical work remains

to be done to solidify the observational prospects for these scenarios.

6.5 The Next Decade

We have only one universe to observe and making the most of these observations requires the

continued development of theoretical techniques. As current observations are increasingly limited

by our theoretical models and data analysis techniques, rather than the raw noise levels of maps

themselves, there is a growing opportunity for theorists to make an enormous impact on our

understanding of the universe from these data. Amusingly, [241] attempted to quantify this

impact in terms of dollars. For most cosmic parameters, the constraining power of a survey is

determined by the number of linear Fourier modes we can reconstruct. For example, in a three-

dimensional survey the number of modes is roughly Nmodes ≈ V k3
max where V is the survey volume

and kmax is the maximum wavenumber one can realistically model. The current generation of

CMB and LSS surveys measure approximately 106 modes at roughly 1000 USD per mode. Yet,

if improvements in theoretical modeling of the data can increase kmax by even 30%, it effectively

doubles the sensitivity of the survey. In this precise sense, a small investment in theoretical

cosmology can yield billions of dollars of scientific value.

The past few years have seen significant advances in modeling and analysis techniques across

the spectrum of cosmological observables. These insights have already produced meaningful im-

provements over conventional techniques. In the next decade these developments are expected to

be transformative, enabling orders of magnitude improvements in some cases. Theoretical tech-

niques are increasingly an equal component of progress in observational cosmology and demand

future investments that reflects this impact.

Meanwhile on sub-galactic scales our understanding of the distribution of matter has rapidly

developed in recent years and is poised to expand yet further with the advent of new facilities

[23, 36, 272, 273]. While there are many exciting opportunities here to detect particle properties

of DM that would otherwise be out of reach, reaching the full scientific potential of this widened

view of the cosmos will require a substantial investment in understanding the evolution of both

known and as-yet-theoretical components of our universe deep in the nonlinear regime.

7 Cosmology Meets Fundamental Theory

The expansion of the universe is accelerating today and was very likely accelerating in the past,

due to dark energy and inflation, respectively. These epochs present unique challenges for fun-

damental physics, both qualitatively and quantitatively. Recent progress has been driven by a

variety of advances connecting cosmology to the many corners of the theory frontier [25]. Yet,

understanding quantum gravity in cosmological spacetimes remains one of the largest and most
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important unsolved problems in high energy physics, as it unites both basic theoretical questions,

cosmological observations, and even the origin and fate of the universe.

7.1 Inflation

Inflationary cosmology provides a controlled context in which to build our theoretical understand-

ing of accelerating spacetimes. This is due to the fact that inflation ends, leading to a natural

physical regulator of the long distance behavior. Yet, more importantly, the end of inflation with

reheating and a hot big bang implies that quantum fluctuations produced during inflation are

ultimately observable by the inhabitants of our universe. Understanding how to calculate these

signals provides a test of our theoretical understanding of the inflationary epoch [25, 26] and an

opportunity to test inflation with current and future cosmological surveys [4].

In recent years, our understanding of inflation has been significantly enhanced by the insights

of EFT [6]. An EFT for the fluctuations, the EFT of Inflation [274], gives a model independent

definition of inflation. Inflation is characterized by two conditions (a) a period of near exponential

expansion such that |Ḣ(t)| � H2(t) and (b) a physical clock that breaks the microscopic time-

translation symmetry, 〈O〉 ∝ t (which is ultimately gauged by gravity). The first condition

ensures that long wavelength fluctuations are produced from cosmological particle production

while the second is needed to end the inflationary epoch. This pattern of symmetry breaking

gives rise to a goldstone boson π that is eaten by the metric to yield the scalar metric fluctuation

ζ = −πH + O(π2). The predictions for inflation are encoded in the equal-time in-in [258, 275]

correlators of the scalar (ζ) and tensor metric fluctuations (γij), e.g.

〈ζ(~k1, t)..ζ(~kn, t)〉 = Fn(~k1, ..,~kn)(2π)3δ(
∑
i

~ki) , (7.1)

where ~ki are the comoving momenta. The shape [276] and amplitude of these correlation functions

is determined by the particle content and interactions in this EFT. Because of the intrinsically

nonlinear nature of gravity, there is a lower bound of the size of these correlators [277], which

lies two orders of magnitude below the current sensitivity.

In many models of inflation, the role of the clock is played by a scalar field φ rolling on a

potential V (φ) such that φ ∝ t. However, observations demand that this potential is extremely

flat; concretely, we require that η ≡ M2
plV
′′/V � 1. We see that Planck suppressed dimension

six operators of the form V (φ) → V (φ)(1 + φ2/(2M2
pl)) shift η → η + 1, making the problem of

building a model of inflation potentially sensitive to physics at the Planck scale, regardless of the

scale of the inflationary potential. Known as the η-problem, this observation has motivated the

need to understand models in inflation in the context of string theory [278], or to look for field

theory mechanisms to eliminate this sensitivity.

In addition to scalar fluctuations, primordial gravitational waves are also produced during

inflation with an amplitude that is typically tied to the Hubble scale during inflation, ∆T =

4H2/M2
pl. Furthermore, the amplitude of the scalar power spectrum determines the speed of the

30



rolling scalar field, |φ̇| = (59H)2, and hence the field range

∆φ

Mpl
&
(r

8

)1/2
N? &

( r

0.01

)1/2
, (7.2)

where r = ∆T /∆ζ is the tensor to scalar ratio and N? ≥ 30 is the number of e-folds of inflation.

For r in range of future measurements, r > 10−3, the field range is also super-Planckian [279].

Control of the potential over such large distances requires more than forbidding a few irrelevant

operators, but requires some approximate symmetry of the UV completion at the Planck scale.

Inflationary model building makes extreme demands of the EFTs that describe the inflationary

mechanism. This has inspired a wide range of work investigating the space of consistent EFTs [27]

and their origins from a UV complete theory like string theory [28]. These investigations have

also enriched the landscape of inflationary phenomenology, as the search for explicit models has

yielded a variety of novel ideas [31,154,155,280] that can be studied and generalized in the context

of inflationary EFTs [6], and yield new signals and analyses of cosmological data [4].

In recent years, the constraints of self-consistency and the existence of a UV completion

have been applied directly to the EFT of inflation and the cosmological correlators. Often char-

acterized as the cosmological bootstrap [26], this approach shares common elements with the

amplitudes [30] and conformal bootstrap programs [29]. These connections are most transparent

in nearly de Sitter backgrounds, where significant progress has been made understanding the

space of cosmological correlators from first principles. Yet, the ultimate ambition of this program

is to understand the full space of self-consistent inflationary models and their predictions. In

some cases, the challenge is translating existing bounds from flat space and anti-de Sitter (AdS)

to de Sitter (dS) space. However, as the inflationary background breaks Lorentz invariance, the

natural questions about inflationary EFTs can inspire new questions in AdS and flat space as

well [281].

One promising opportunity at the intersection of fundamental physics and cosmological ob-

servations is the impact of the particle spectrum during inflation, including light and heavy fields,

on non-Gaussian cosmological correlators [263]. Every particle is produced from the vacuum dur-

ing inflation, albeit with an exponentially suppressed amplitude for m� H (e.g. m > 3H/2 for

scalars). Once produced, these particles can alter the fluctuations of the inflaton itself and the

resulting correlators. The spectra and interactions of such particles is a window into the under-

lying theory at energies that are potentially near the GUT scale. In addition, these observational

signatures are fundamentally distinct from single field inflation [259] and robust to other details

of the inflationary model.

Interestingly, the tail of the distribution of the scalar fluctuations is particularly sensitive

to the specific UV model (see e.g. [282–284]). Understanding the non-perturbative nature of

these large fluctuations is a theoretical problem that connects the more conceptual challenges of

inflation, such as eternal inflation, with observational questions like the formation of primordial

black holes [37, 285, 286]. The novel techniques that will be needed to better understand rare

fluctuations will likely have impact far beyond the cosmological domain.

31



7.2 Dark Energy and de Sitter Space

The discovery of the accelerated expansion of the universe at late times further challenges our

understanding of fundamental physics. The small size of the cosmological constant has resisted a

natural explanation [287]. In addition, evidence from string constructions and other theoretical

challenges have suggested that perhaps de Sitter space is fundamentally unstable and/or is one

of many accelerating regions [288]. It remains entirely possible that our current acceleration is

more analogous to a second inflationary period, driven by a more dynamical form of dark energy,

and that de Sitter-like regions do not occur at all. Observational constraints on this possibility

are encoded in the EFT of dark energy that is constrained by a variety of observational and

gravitational probes [6].

The challenges associated with late-time acceleration range from perturbation theory on a

fixed background all the way to non-perturbative effects in a quantum theory of gravity. Arguably,

de Sitter space is the best testing ground for these questions about dark energy, as it is both the

most well-studied accelerating cosmology and fits current observations. In perturbation theory,

fluctuations in dS contain IR divergences and secular terms whose interpretations and resolutions

have been debated over the years. Non-perturbatively, it is not even clear what a quantum theory

of de Sitter space should even compute. These issues are connected, as they originate from the fact

that all fields, including the metric, fluctuate. Given an infinite amount of time, the amplitude

of the scalar fluctuations will diverge somewhere.

Recently, significant progress has been made understanding the structure of perturbation

theory in a fixed de Sitter background [289–292]. Using EFT or diagrammatic techniques, one

can see both the IR and secular terms that arise in the cosmological slicing of dS can be resummed

using the framework of stochastic inflation. Some higher loop divergences introduce corrections to

these equations that can be solved to give non-perturbative results for the probability distributions

of the fields and their correlators.

Progress understanding perturbative quantum gravity in de Sitter has helped sharpen the

non-perturbative challenge of de Sitter quantum gravity. One of the central questions about

the nature of de Sitter is the interpretation of the Gibbons-Hawking entropy associated with

the cosmological horizon. Recent progress in black hole physics [32] has provided increasingly

compelling evidence that the black hole behaves as a quantum system with eS states, where S

is the Bekenstein-Hawking entropy. While it is natural to associate a finite number of degrees of

freedom to the cosmological horizon, it is less clear how to interpret such a statement. Yet, it was

argued in [293] that such an interpretation would preclude the possibility of seeing more than

eS fourier modes after inflation ends. It has been verified in examples, away from the eternally

inflating regime [294], but is sensitive to the statistical properties of scalar fluctuations in de

Sitter [295]. This provides a sharp connection between inflationary model building, perturbative

calculations and the physics of de Sitter space. In addition, non-perturbative instabilities will

also lead to eternal inflation and thus add further complexity to this picture [296].

It has long been hoped that de Sitter holography could clarify some of the questions, as it did

in AdS. However, there is no fixed boundary on which to anchor observables in dS and defining de

Sitter observables remains an unsolved problem. A variety of approaches attempt to circumvent
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these issues in different ways. For example, dS/CFT [258, 297] is a holographic theory for the

wavefunction for a given fixed boundary metric. Cosmological correlators are then computed

by integrating over the metric weighted by the probability distribution [258]. This approach is

directly connected to traditional cosmological correlators and provides a useful perspective on

the symmetries of the inflationary fluctuations [26]. In contrast, dS/dS [298] is a holographic

approach where the boundary theory also includes dynamical gravity and thus does not reduce

to a field theory in the sense of AdS/CFT. Nevertheless, progress in dS/dS has connected to

aspects of string model building and the entropy of de Sitter. More generally, a number of

perspectives on de Sitter holography have emerged in recent years. Ultimately, one might hope

that one, several, or all of these approaches will shed light on the fate of the universe, the space of

inflationary models, and/or the (non-perturbative) meaning of the wavefunction of the universe.

7.3 The Next Decade

The understanding of cosmological backgrounds in perturbation theory has seen major progress

over the past decade. Bootstrap methods have dramatically expanded our understanding of

cosmological correlators at tree level. EFT techniques have helped clarify and organize loop

calculations to the point where the long distance and late time behavior can be controlled in

most examples. This progress is being spurred by rapid developments across the theory frontier,

including the conformal bootstrap and the amplitudes program in particular.

Despite this progress, the most tantalizing questions in cosmology require non-perturbative

insights that have remained elusive. We increasingly understand how to calculate correlators in

a given inflationary model; yet, characterizing the space of consistent inflationary models and

their observational signatures remains a vastly more difficult problem to solve. We can similarly

calculate the wavefunction of the universe for small fluctuations around a fixed background, but

struggle to understand the wavefunction for comparing different backgrounds or large fluctuations.

Recent progress in understanding the quantum nature of black holes [32] offers hope that

answering these longstanding cosmological questions may soon be within reach. Furthermore,

progress driven by the cosmological bootstrap program and cosmological collider physics has

begun to pinpoint the uniquely quantum aspects of inflationary predictions [299] and might draw

further connections to the tools of quantum information theory that have proved powerful for

QFT [35] and black holes. Every scale in physics intersects our cosmological history and therefore

exposing the secrets of the universe may naturally require insights from across the theoretical

landscape.

8 Outlook and Conclusions

Theoretical particle astrophysics and cosmology are increasingly central parts of the quest to

measure and understand the universe, as the line between theory and experiment is blurred in

the context of cosmological and astrophysical tests of high energy physics. Theorists have been

essential in the conceptual design of a number of ambitious experiments, the definition of the

critical scientific targets, the development of novel analyses of the data and the connection to the
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fundamental laws of nature. It is essential that investments in the coming decade embrace the

expanding role of theory to broaden the scientific goals and impact of the cosmic frontier within

high energy physics and beyond.

Simultaneously, progress answering many profound questions that we have about our universe

is inseparable from progress in the rest of the theory frontier. Theoretical tools developed for a

variety of reasons come to bear on questions about the nature of DM, dark energy and inflation.

Furthermore, a deeper understanding of a variety of quantum systems expands our ability to

use new devices to search for signals of cosmic relics. Significantly, our ability to analyze and

interpret cosmic data is often limited by our ability to calculate and understand astrophysical

signals, which have been improved by both analytic and computational techniques.

This Report outlined a number of critical areas and goals for the coming decade. For the

physics of DM, the coming decade is likely to bring new methods for the direct detection of

DM, including axion DM, and especially utilizing emerging quantum technologies. We anticipate

close collaboration between theorists and experimentalists bringing these ideas to reality. The

next decade is also likely to bring new advances in our understanding of DM’s possible non-

gravitational interactions through cosmological and astrophysical observations in systems ranging

from our own galaxy to the CMB. Here too, close collaboration between theorists and observers

will be important for maximizing the scientific return from current and planned observations. In

parallel to observational advances, we can also anticipate theoretical advances developing new

models for DM that will be tested by these observations, including dark sectors and theories that

connect to broader frameworks like the hierarchy problem.

The coming decade in theoretical cosmology is likely to include significant challenges in mod-

eling and isolating astrophysical foregrounds from key theoretical targets. This is particularly

well known in the cases of dust for primordial gravitational waves (CMB B-modes), and bary-

onic physics for measuring the initial density fluctuations with galaxy surveys (primordial non-

Gaussianity). Yet, deepening our understanding of the history of the universe is a much broader

goal covering a wide range of astrophysical and cosmological epochs. Insights into the dynamics

of the universe on cosmological scales has consistently revealed new opportunities to test funda-

mental physics in the sky. Novel contributions from theory, simulation, and data analysis will be

essential for unlocking the full potential of the next generation of cosmic surveys.

Questions about the nature of the universe as a whole remain central to the goals of the

theoretical physics community. Astrophysical and cosmological observables offer a unique glimpse

into high energy processes far beyond those accessible on Earth, and offer a window into the

most basic structures that define the fundamental laws. In addition, the inflationary epoch

and currently accelerating universe raise profound questions about the quantum nature of the

universe, its origin and future. The full breadth and depth of theoretical physics is intertwined

with our understanding of the universe and displays the richness of the theory frontier as a whole.
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[191] DAMIC-M Collaboration, N. Castelló-Mor, “DAMIC-M Experiment: Thick, Silicon

CCDs to search for Light Dark Matter,” Nucl. Instrum. Meth. A 958 (2020) 162933,

arXiv:2001.01476 [physics.ins-det].

49

http://dx.doi.org/10.1007/JHEP05(2016)046
http://arxiv.org/abs/1509.01598
http://dx.doi.org/10.1103/PhysRevLett.119.131802
http://dx.doi.org/10.1103/PhysRevLett.119.131802
http://arxiv.org/abs/1706.00028
http://dx.doi.org/10.1063/1.5010699
http://arxiv.org/abs/1710.09335
http://arxiv.org/abs/1710.09335
http://dx.doi.org/10.1103/PhysRevLett.121.061803
http://arxiv.org/abs/1804.00088
http://dx.doi.org/10.1103/PhysRevLett.122.161801
http://arxiv.org/abs/1901.10478
http://arxiv.org/abs/1901.10478
http://dx.doi.org/10.1103/PhysRevLett.125.171802
http://arxiv.org/abs/2004.11378
http://dx.doi.org/10.1103/PhysRevLett.121.051301
http://dx.doi.org/10.1103/PhysRevLett.121.051301
http://arxiv.org/abs/1804.10697
http://dx.doi.org/10.1103/PhysRevD.102.091101
http://arxiv.org/abs/2005.14067
http://dx.doi.org/10.1103/PhysRevLett.123.181802
http://dx.doi.org/10.1103/PhysRevLett.123.181802
http://arxiv.org/abs/1907.12628
http://dx.doi.org/10.1103/PhysRevLett.125.141301
http://dx.doi.org/10.1103/PhysRevLett.125.141301
http://arxiv.org/abs/2003.01046
http://dx.doi.org/10.1016/j.nima.2019.162933
http://arxiv.org/abs/2001.01476


[192] A. Aguilar-Arevalo et al., “The Oscura Experiment,” arXiv:2202.10518 [astro-ph.IM].

[193] S. Derenzo, R. Essig, A. Massari, A. Soto, and T.-T. Yu, “Direct Detection of sub-GeV

Dark Matter with Scintillating Targets,” Phys. Rev. D 96 no. 1, (2017) 016026,

arXiv:1607.01009 [hep-ph].

[194] C. Blanco, J. I. Collar, Y. Kahn, and B. Lillard, “Dark Matter-Electron Scattering from

Aromatic Organic Targets,” Phys. Rev. D 101 no. 5, (2020) 056001, arXiv:1912.02822

[hep-ph].

[195] Y. Hochberg, Y. Kahn, M. Lisanti, C. G. Tully, and K. M. Zurek, “Directional detection

of dark matter with two-dimensional targets,” Phys. Lett. B 772 (2017) 239–246,

arXiv:1606.08849 [hep-ph].

[196] Y. Hochberg, Y. Kahn, M. Lisanti, K. M. Zurek, A. G. Grushin, R. Ilan, S. M. Griffin,

Z.-F. Liu, S. F. Weber, and J. B. Neaton, “Detection of sub-MeV Dark Matter with

Three-Dimensional Dirac Materials,” Phys. Rev. D 97 no. 1, (2018) 015004,

arXiv:1708.08929 [hep-ph].

[197] Y. Hochberg, I. Charaev, S.-W. Nam, V. Verma, M. Colangelo, and K. K. Berggren,

“Detecting Sub-GeV Dark Matter with Superconducting Nanowires,” Phys. Rev. Lett.

123 no. 15, (2019) 151802, arXiv:1903.05101 [hep-ph].

[198] P. Du, D. Egana-Ugrinovic, R. Essig, and M. Sholapurkar, “Sources of Low-Energy

Events in Low-Threshold Dark-Matter and Neutrino Detectors,” Phys. Rev. X 12 no. 1,

(2022) 011009, arXiv:2011.13939 [hep-ph].

[199] S. Tremaine and J. E. Gunn, “Dynamical role of light neutral leptons in cosmology,”

Phys. Rev. Lett. 42 no. 6, (Feb., 1979) 407–410.

[200] M. Baryakhtar, J. Huang, and R. Lasenby, “Axion and hidden photon dark matter

detection with multilayer optical haloscopes,” Phys. Rev. D 98 no. 3, (2018) 035006,

arXiv:1803.11455 [hep-ph].

[201] MADMAX Collaboration, P. Brun et al., “A new experimental approach to probe QCD

axion dark matter in the mass range above 40 µeV,” Eur. Phys. J. C 79 no. 3, (2019)

186, arXiv:1901.07401 [physics.ins-det].

[202] J. Chiles et al., “First Constraints on Dark Photon Dark Matter with Superconducting

Nanowire Detectors in an Optical Haloscope,” arXiv:2110.01582 [hep-ex].

[203] L. Manenti et al., “Search for dark photons using a multilayer dielectric haloscope

equipped with a single-photon avalanche diode,” Phys. Rev. D 105 no. 5, (2022) 052010,

arXiv:2110.10497 [hep-ex].

[204] M. Fabbrichesi, E. Gabrielli, and G. Lanfranchi, “The Dark Photon,” arXiv:2005.01515

[hep-ph].

50

http://arxiv.org/abs/2202.10518
http://dx.doi.org/10.1103/PhysRevD.96.016026
http://arxiv.org/abs/1607.01009
http://dx.doi.org/10.1103/PhysRevD.101.056001
http://arxiv.org/abs/1912.02822
http://arxiv.org/abs/1912.02822
http://dx.doi.org/10.1016/j.physletb.2017.06.051
http://arxiv.org/abs/1606.08849
http://dx.doi.org/10.1103/PhysRevD.97.015004
http://arxiv.org/abs/1708.08929
http://dx.doi.org/10.1103/PhysRevLett.123.151802
http://dx.doi.org/10.1103/PhysRevLett.123.151802
http://arxiv.org/abs/1903.05101
http://dx.doi.org/10.1103/PhysRevX.12.011009
http://dx.doi.org/10.1103/PhysRevX.12.011009
http://arxiv.org/abs/2011.13939
http://dx.doi.org/10.1103/PhysRevLett.42.407
http://dx.doi.org/10.1103/PhysRevD.98.035006
http://arxiv.org/abs/1803.11455
http://dx.doi.org/10.1140/epjc/s10052-019-6683-x
http://dx.doi.org/10.1140/epjc/s10052-019-6683-x
http://arxiv.org/abs/1901.07401
http://arxiv.org/abs/2110.01582
http://dx.doi.org/10.1103/PhysRevD.105.052010
http://arxiv.org/abs/2110.10497
http://arxiv.org/abs/2005.01515
http://arxiv.org/abs/2005.01515


[205] J. D. Bjorken, R. Essig, P. Schuster, and N. Toro, “New Fixed-Target Experiments to

Search for Dark Gauge Forces,” Phys. Rev. D 80 (2009) 075018, arXiv:0906.0580

[hep-ph].

[206] R. Essig, P. Schuster, N. Toro, and B. Wojtsekhowski, “An Electron Fixed Target

Experiment to Search for a New Vector Boson A’ Decaying to e+e-,” JHEP 02 (2011)

009, arXiv:1001.2557 [hep-ph].

[207] A1 Collaboration, H. Merkel et al., “Search for Light Gauge Bosons of the Dark Sector at

the Mainz Microtron,” Phys. Rev. Lett. 106 (2011) 251802, arXiv:1101.4091 [nucl-ex].

[208] M. Battaglieri et al., “The Heavy Photon Search Test Detector,” Nucl. Instrum. Meth. A

777 (2015) 91–101, arXiv:1406.6115 [physics.ins-det].

[209] P. deNiverville, M. Pospelov, and A. Ritz, “Observing a light dark matter beam with

neutrino experiments,” Phys. Rev. D 84 (2011) 075020, arXiv:1107.4580 [hep-ph].

[210] MiniBooNE Collaboration, A. A. Aguilar-Arevalo et al., “Dark Matter Search in a

Proton Beam Dump with MiniBooNE,” Phys. Rev. Lett. 118 no. 22, (2017) 221803,

arXiv:1702.02688 [hep-ex].

[211] MiniBooNE DM Collaboration, A. A. Aguilar-Arevalo et al., “Dark Matter Search in

Nucleon, Pion, and Electron Channels from a Proton Beam Dump with MiniBooNE,”

Phys. Rev. D 98 no. 11, (2018) 112004, arXiv:1807.06137 [hep-ex].

[212] E. Izaguirre, G. Krnjaic, P. Schuster, and N. Toro, “New Electron Beam-Dump

Experiments to Search for MeV to few-GeV Dark Matter,” Phys. Rev. D 88 (2013)

114015, arXiv:1307.6554 [hep-ph].

[213] BDX Collaboration, M. Battaglieri et al., “Dark matter search in a Beam-Dump

eXperiment (BDX) at Jefferson Lab,” arXiv:1406.3028 [physics.ins-det].

[214] FASER Collaboration, A. Ariga et al., “Technical Proposal for FASER: ForwArd Search

ExpeRiment at the LHC,” arXiv:1812.09139 [physics.ins-det].

[215] J. L. Feng, I. Galon, F. Kling, and S. Trojanowski, “ForwArd Search ExpeRiment at the

LHC,” Phys. Rev. D 97 no. 3, (2018) 035001, arXiv:1708.09389 [hep-ph].

[216] A. Haas, C. S. Hill, E. Izaguirre, and I. Yavin, “Looking for milli-charged particles with a

new experiment at the LHC,” Phys. Lett. B 746 (2015) 117–120, arXiv:1410.6816

[hep-ph].

[217] J. P. Chou, D. Curtin, and H. J. Lubatti, “New Detectors to Explore the Lifetime

Frontier,” Phys. Lett. B 767 (2017) 29–36, arXiv:1606.06298 [hep-ph].

[218] V. V. Gligorov, S. Knapen, M. Papucci, and D. J. Robinson, “Searching for Long-lived

Particles: A Compact Detector for Exotics at LHCb,” Phys. Rev. D 97 no. 1, (2018)

015023, arXiv:1708.09395 [hep-ph].

51

http://dx.doi.org/10.1103/PhysRevD.80.075018
http://arxiv.org/abs/0906.0580
http://arxiv.org/abs/0906.0580
http://dx.doi.org/10.1007/JHEP02(2011)009
http://dx.doi.org/10.1007/JHEP02(2011)009
http://arxiv.org/abs/1001.2557
http://dx.doi.org/10.1103/PhysRevLett.106.251802
http://arxiv.org/abs/1101.4091
http://dx.doi.org/10.1016/j.nima.2014.12.017
http://dx.doi.org/10.1016/j.nima.2014.12.017
http://arxiv.org/abs/1406.6115
http://dx.doi.org/10.1103/PhysRevD.84.075020
http://arxiv.org/abs/1107.4580
http://dx.doi.org/10.1103/PhysRevLett.118.221803
http://arxiv.org/abs/1702.02688
http://dx.doi.org/10.1103/PhysRevD.98.112004
http://arxiv.org/abs/1807.06137
http://dx.doi.org/10.1103/PhysRevD.88.114015
http://dx.doi.org/10.1103/PhysRevD.88.114015
http://arxiv.org/abs/1307.6554
http://arxiv.org/abs/1406.3028
http://arxiv.org/abs/1812.09139
http://dx.doi.org/10.1103/PhysRevD.97.035001
http://arxiv.org/abs/1708.09389
http://dx.doi.org/10.1016/j.physletb.2015.04.062
http://arxiv.org/abs/1410.6816
http://arxiv.org/abs/1410.6816
http://dx.doi.org/10.1016/j.physletb.2017.01.043
http://arxiv.org/abs/1606.06298
http://dx.doi.org/10.1103/PhysRevD.97.015023
http://dx.doi.org/10.1103/PhysRevD.97.015023
http://arxiv.org/abs/1708.09395


[219] E. Izaguirre, G. Krnjaic, P. Schuster, and N. Toro, “Testing GeV-Scale Dark Matter with

Fixed-Target Missing Momentum Experiments,” Phys. Rev. D 91 no. 9, (2015) 094026,

arXiv:1411.1404 [hep-ph].
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[261] P. Creminelli, J. Noreña, M. Simonović, and F. Vernizzi, “Single-Field Consistency

Relations of Large Scale Structure,” JCAP 12 (2013) 025, arXiv:1309.3557

[astro-ph.CO].

[262] P. Creminelli, J. Gleyzes, M. Simonović, and F. Vernizzi, “Single-Field Consistency

Relations of Large Scale Structure. Part II: Resummation and Redshift Space,” JCAP 02

(2014) 051, arXiv:1311.0290 [astro-ph.CO].

[263] X. Chen and Y. Wang, “Quasi-Single Field Inflation and Non-Gaussianities,” JCAP 04

(2010) 027, arXiv:0911.3380 [hep-th].

[264] D. J. Eisenstein, H.-j. Seo, E. Sirko, and D. Spergel, “Improving Cosmological Distance

Measurements by Reconstruction of the Baryon Acoustic Peak,” Astrophys. J. 664 (2007)

675–679, arXiv:astro-ph/0604362.
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