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I. AFTER FREEZE-OUT: COSMOLOGICAL CONSEQUENCES OF RESIDUAL
ANNIHILATION

In the simplest baseline scenario, what happens after freeze-out? The fraction of dark matter that annihilates
per Hubble time is n〈σv〉H−1. During radiation domination, n ∝ T 3 for a decoupled non-relativistic species,
while H−1 ∝ T−2. Thus n〈σv〉H−1 ∝ T , for a velocity-independent 〈σv〉 (this is characteristic of models
where there is no particular source of velocity dependence in the interaction). At freeze-out, n〈σv〉 ∼ H, so
at later times we can write n〈σv〉H−1 ∼ T

Tf
. The energy injected per baryon over a Hubble time by dark

matter annihilation is therefore roughly ∼ 5 GeV
(
T
Tf

)
. If Tf ∼ 5 GeV, corresponding to mDM ∼ 100 GeV,

we see that this value is ∼ T : thus a classic WIMP’s ongoing annihilations inject enough power to change the
baryon temperature at order-one level through radiation domination, albeit often with this energy diluted by
the photons.

Considering the cosmological epochs discussed previously:

• BBN: dark-matter annihilation can modify nuclear reactions. If dark matter is annihilating into dark
radiation, it modifies Neff . Annihilation to photons versus neutrinos can heat one bath relative to the
other, again modifying Neff .

Detailed analyses find that thermal relic dark matter below roughly 4–14 MeV can be constrained,
depending on its spin and annihilation channel [1, 2]. This is a general limit on thermal freeze-out; it is
not constraining for freeze-in.

• CMB: at T ∼ 0.2 eV, changing the matter temperature by an order-one factor corresponds to having
enough power to ionize an order-percent fraction of all hydrogen. The CMB constrains changes to the
post-recombination ionization history at roughly the 10−3 level. A detailed calculation implies that a
thermal annihilation cross section to any Standard Model final state except neutrinos is ruled out for
dark matter lighter than about 10 GeV [3]. This is a strong mass limit, but it is not too hard to evade
in specific models: loopholes include annihilating nearly 100% to neutrinos, or suppressing annihilation
at late times.

• Structure formation: the free-streaming scale bounds discussed previously constrain thermal dark
matter below roughly the 10 keV scale. This also works for freeze-in and does not require that dark
matter ever reached equilibrium. It is the weakest, but most general, mass limit on species sourced from
Standard Model interactions.

Thus low masses are constrained by cosmology; in contrast, the limit on high masses is primarily a theoretical
one, that it becomes hard to obtain the required annihilation cross section.
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II. UNITARITY AND THE HIGH-MASS LIMIT ON THERMAL RELICS

Unitarity, or probability conservation, sets an upper limit on the annihilation cross section for each partial
wave. For total angular momentum J ,

(σvrel)
J
total < (σv)Jmax =

4π(2J + 1)

m2
DMvrel

. (1)

Equivalently, obtaining the observed abundance requires

m2
DM <

4π(2J + 1)

vrel(σvrel)Jtotal

. (2)

The relative velocity is determined by the freeze-out temperature. For standard thermal freeze-out, as we
discussed, the kinetic energy at freezeout is set by Tf ∼ mχ/25, so a typical velocity is v ∼ 0.3. If only a few
partial waves dominate, then inserting our previous estimate σv ∼ 10−9GeV−2 gives

mDM .

√
4π109GeV2

0.3
∼ 200 TeV. (3)

One can go higher if many partial waves contribute, although there is still a limit around the PeV scale [4].
There are also loopholes if the cosmological history is modified. For example, a first-order phase transition
can allow non-thermal production of heavy dark matter.

Putting these considerations together, the rough thermal window is

mDM ∼ 10 MeV–100 TeV. (4)

This can extend down to roughly 10 keV with freeze-in. For thermal relics lighter than roughly 10 GeV,
late-time annihilation to non-neutrino Standard Model particles must be suppressed.

The natural next question is: what models populate this space?

III. MODELS THAT POPULATE THE THERMAL WINDOW

One useful way to classify thermal-relic models is by asking what physics governs the annihilation cross
section. The most classic version of the Weakly Interacting Massive Particle (WIMP) scenario is motivated
by the fact that weak-scale masses and couplings naturally give a cross section of the right order. Suppose
the dark matter is lighter than the Z boson and annihilates through a diagram with a weak-scale mediator
(coupled to the dark matter with strength αD), schematically

χχ→ Z∗ → SM particles. (5)

Then the annihilation cross section is parametrically

〈σv〉 ∼ αWαD
m2

DM

m4
Z

∼ 10−9 GeV−2, (6)

where the last step indicates the value required for the thermal relic abundance. This gives

m2
DM

m4
Z

&
10−9 GeV−2

αW
,

(
mDM

mZ

)2

& 10−4, (7)

and hence a lower bound of order

mDM & GeV. (8)
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This is the Lee–Weinberg bound in its simplest form [5].

Thus sub-GeV dark matter produced by freeze-out generally needs a new mediator between the Standard
Model and dark matter. For classic WIMPs above roughly 10 GeV, annihilation need not be suppressed
during the CMB epoch; the mediator can be the W , Z, Higgs, or a new particle; and model-building is
relatively unconstrained. Direct detection and collider searches can then be powerful, as we will discuss.

A long-standing idea is that dark matter could be the lightest supersymmetric particle (LSP). In supersymmetry
(SUSY), every Standard Model particle has a superpartner: fermions have bosonic partners and bosons have
fermionic partners. Superpartners cancel large corrections to the Higgs mass and help ensure unification of
Standard Model couplings at high energies, motivating SUSY independently of dark matter. A standard
reference is Martin’s supersymmetry primer [6].

However, generic supersymmetry would imply proton decay through diagrams involving squarks and sleptons.
The usual approach is to impose a symmetry called R-parity:

• superpartners have R = −1;

• ordinary Standard Model particles have R = +1;

• the product of R-parities before and after an interaction is conserved.

The lightest particle with R = −1 therefore cannot decay, since all possible final-state particles would have
R = +1. If this “lightest supersymmetric particle” (LSP) is electrically neutral, it can be a good dark matter
candidate.

In the Minimal Supersymmetric Standard Model, the standard neutral dark matter candidates are neutralinos,
admixtures of the fermionic superpartners of neutral bosons. They are usually labeled the wino, bino, and
higgsino, i.e. the partners of the SU(2) gauge boson, the U(1) gauge boson, and the Higgs. The space of
neutralino candidates is large and multi-dimensional. Large regions are constrained by collider searches,
underground direct-detection experiments, and telescopes, but viable regions remain (see recent analyses
such as Ref. [7] and the older comprehensive analysis of Ref. [8]). For example, nearly pure higgsino dark
matter remains hard to constrain and can obtain the correct relic density for mDM ∼ 1 TeV.

“Minimal dark matter” provides a related but more economical approach: instead of adding a whole super-
symmetric spectrum, one adds multiplets of the Standard Model SU(2)L gauge group [9]. The higgsino can
be viewed as adding an SU(2) doublet fermion. In minimal dark matter, the interactions are fixed by the
gauge structure, and the mass can be chosen to give the correct relic density. The correct relic density is
obtained for a dark matter mass of ∼ 1 TeV for a fermionic doublet (akin to the higgsino), ∼ 3 TeV for
a fermionic triplet (akin to the wino), and ∼ 14 TeV for a fermionic quintuplet. The resulting models are
simple and predictive, and none have yet been tested by collider or direct-detection experiments [10, 11],
although some of the lower multiplets can be probed via annihilation signals [12].

Below the GeV scale, because of the Lee-Weinberg bound, the focus is usually on dark sectors containing
at least one extra new particle beyond the dark matter, typically a mediator coupling dark matter to the
Standard Model. Thermal freeze-out is a key benchmark for such dark sectors, but not the only possibility
for obtaining the correct relic density. Such scenarios typically imply dark-matter self-interactions, which are
constrained by observations such as the Bullet Cluster and similar systems; these limits can be strong for
sufficiently light dark matter.

A common language is to classify the model by the quantum numbers of the mediator. If we assume the
mediator does not transform under the Standard Model gauge symmetries (it is a “gauge singlet”), we can ask
what renormalizable Lagrangian terms can be constructed from the mediator and a gauge-singlet combination
of Standard Model fields [13]. That list is rather short:

1. Vector portal: a new Abelian vector boson Vµ with interaction

− εF ′µνBµν , (9)

where F ′µν is the dark-sector field strength and Bµν is the hypercharge field strength.

2. Scalar portal: a scalar mediator S with interaction

(µS + λS2)H†H. (10)
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3. Heavy neutral lepton/neutrino portal: a neutral fermion mediator N with interaction

yNLHN. (11)

Allowing for higher-dimension operators opens up the possibilities further, but we generically expect such
interactions to be suppressed by a heavy mass scale.

The CMB bounds discussed above, which become important below ∼ 10 GeV, require late-time annihilation
to be suppressed for annihilation into non-neutrino Standard Model final states. There are many viable
examples. For instance, scalar dark matter annihilating to Standard Model particles via a vector mediator,
or fermion dark matter annihilating to two scalar mediators, can have p-wave suppression, with

〈σv〉 ∝ v2, (12)

which makes late-time annihilation safe from CMB constraints [14]1. Another possibility is pseudo-Dirac
dark matter: two slightly split states χ and χ∗ annihilate through a vector mediator, but annihilation is
suppressed in the late universe once the excited state has decayed away. (This is one variant of coannihilation
where the freezeout involves a partner particle which is absent at later times.) A neutrino-portal construction
can arrange for the dominant annihilation to be to neutrinos, which are much less constrained (e.g. [16]).

IV. EXPERIMENTAL PROBES OF THESE MODELS

Beyond annihilation, we can consider other possible interactions between dark matter and visible particles.
Schematically, in terms of the direction of time, we can distinguish

• annihilation, DM+DM→ SM+ SM, which “breaks” the dark matter;

• scattering, DM+ SM→ DM+ SM, which “shakes” the target;

• production, SM+ SM→ DM+DM, which “makes” the dark matter.

A. Indirect detection (DM + DM → SM + SM)

We already discussed CMB bounds on dark-matter annihilation. Beyond these homogeneous effects, we can
look for the particles produced by annihilation in regions of high dark-matter density, for example the center
of the Milky Way, clumps of dark matter in the Milky Way halo such as dwarf satellite galaxies, galaxy
clusters, and so on.

For photon and neutrino searches, because the (uncharged) particles follow straight lines, we can trace the
particles back to their source locations. For charged particles, we instead measure an approximately isotropic
flux, which requires modeling of propagation in Galactic magnetic fields. This introduces extra systematic
uncertainties, but can still set powerful constraints, testing the thermal relic cross section up to dark-matter
masses of order hundreds of GeV; see for example Refs. [17, 18].

The optimal target region on the sky can depend on the final-state particles of the annihilation process.
Broadly speaking, there are three types of signal spectrum (see Ref. [18] and references therein):

• Final states such as quarks and τ ’s hadronize or decay to produce π0’s, which then decay to γγ. This
gives a photon-rich continuum spectrum with a characteristic scale associated with the dark matter
mass. Gamma-ray and antiproton searches give the strongest limits for these channels. Astrophysical
backgrounds are a concern, as there are astrophysical sources that produce similar spectra, but robust
limits from dwarfs test the thermal relic cross section up to masses around mDM ∼ 100 GeV for such
channels, e.g. [19].

1 Ref. [15] is a useful reference on which interaction structures give rise to suppressed annihilation, scattering, etc
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• Final states such as e± and µ± produce copious charged leptons, and possibly neutrinos and photons
from three-body final states such as e+e−γ, as well as from cooling of the e±. The strongest limits
usually come from positron searches with AMS-02. The thermal relic cross section for such models can
be probed up to masses ∼ 60–380 GeV, e.g. [20].

• The γγ final state gives direct annihilation to line photons. This is a clean signal with no known
backgrounds in gamma rays, but the rate is expected to be small (since the dark matter cannot have
an unsuppressed coupling to photons in order to be dark, so this process usually arises first at one-loop
level), so it is usually optimal to look at the targets with the highest expected signal (even if there are
also substantial backgrounds).

For dark-matter decays, galaxy clusters and the Milky Way Galactic halo typically give the strongest limits. To
evade these bounds, lifetimes need to satisfy τ & 1027–1028 s for most final states and for keV . mDM . EeV;
see for example Refs. [21, 22].

For dark-matter annihilation, the largest signal is typically expected from the Galactic Center, but it also has
the highest backgrounds. Dwarf galaxies provide a good low-background target for less distinctive channels.
Current robust limits for thermal relic dark matter are around the tens to hundreds of GeV, depending on the
channel. There are prospects for extending sensitivity up to the tens of TeV range with large ground-based
γ-ray telescopes, for example CTAO, LACT, and SWGO [23]. These searches will test the benchmark SU(2)W
dark-matter models discussed earlier.

B. Direct detection (DM + SM → DM + SM)

Direct detection focuses on the second possibility, where dark matter elastically scatters on a Standard Model
target. Variations also include absorption of dark matter onto Standard Model targets, instead of scattering.
The basic idea is to observe the recoil of a target, such as an atomic nucleus or electron, via ionization,
phonons, scintillation, excitation, or a similar observable. Direct-detection experiments have sensitivity
to extremely tiny cross sections, as small as σ ≈ 10−48 − 10−47 cm2 [24]. Direct-detection experiments
are typically underground and heavily shielded to reduce backgrounds. They are often also cooled to low
temperatures.

In principle, the recoil signal is both directional and time-dependent. Due to the motion of the Sun through
the Galaxy, dark matter has a preferred direction in the solar frame, the “WIMP wind.” The direction of this
wind relative to the laboratory varies over a one-day period. The dark-matter flux is also enhanced when
the Earth and Sun move in the same direction relative to the dark-matter wind, and suppressed when the
opposite is true. This leads to an annual modulation of the signal.

As you will explore on the problem set, classic direct detection experiments lose sensitivity when the dark
matter mass is much smaller than the mass of the target atoms. To access lower-mass dark matter, one can
use several strategies. One is to search for electron recoils rather than nuclear recoils. This drops the scale at
which the recoil energy is badly suppressed (due to the reduced mass dropping well below the target mass)
from O(10 GeV) to O(MeV). Example experiments include SENSEI and DAMIC-M [25] – in particular,
DAMIC-M is able to test some freeze-in benchmarks. Another possibility is to look for photons or electrons
produced in conjunction with nuclear recoils through the Migdal effect. This effect has recently been observed
in the laboratory using a neutron beam [26]. A further possibility is to look for accelerated higher-velocity
dark matter, for example solar-reflected dark matter [27]. One can also study special systems with tiny
masses or gaps, and hence sensitivity to tiny energy depositions. In such systems, collective and in-medium
effects often dominate. A useful review article on these strategies is the Snowmass report of Ref. [28].

C. Collider/accelerator searches (SM + SM → DM + DM)

We now turn to collider searches. In a first approximation, we might look for Standard Model particles
producing a pair of dark-matter particles. However, dark matter is very long-lived, so if it is produced by
a collision, it will escape the detector. Thus we need other particles in the final state, so we can look for
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visible particles recoiling against invisible dark matter. The dark matter appears as missing energy or missing
momentum.

If we look for just one visible particle or jet, we call such searches “mono-X” searches, for example mono-Higgs,
mono-jet, or mono-photon searches. We can also look for more than one particle, for example dijet searches.
Production of visible particles can occur via radiation from the Standard Model part of the interaction, or by
production of unstable partners which decay into dark matter plus visible particles. An overview of various
dark matter searches at the LHC can be found in (for example) Ref. [29].

In specific models, searches for new physics related to dark matter may beat dark-matter-focused searches.
For example, in supersymmetric models the dark matter often comes with charged partners, and one can
search for those. In some exotic scenarios, dark matter could form bound states that decay to Standard Model
particles. In dark sectors with new mediators, it is often more efficient to look for the mediator itself than the
dark matter particle; because the mediator need not be stable, we can search for its decays after production.
Especially for lighter dark matter and mediators, high-intensity but lower-energy accelerators may be able to
surpass the LHC. One idea is to use existing accelerators, including the LHC, as a source of long-lived new
particles, and search for their displaced decays with additional detectors, for example FASER, CODEX-b,
and MATHUSLA. Aspects of this program are described in the Snowmass reports of Refs. [30, 31].
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