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Weexplore darkmatter genesis beyond theWIMPparadigm, focusing on conversion-driven freeze-
out – a mechanism that provides thermalization despite very weak dark matter couplings. While
this scenario eludes conventional WIMP searches, it predicts distinctive signatures of long-lived
particles at colliders, making it a key target for upcoming collider probes. We review realizations
of this mechanism and demonstrate how conversion-driven freeze-out can additionally generate
the baryon asymmetry, offering a unified explanation for the origins of both dark and visible
matter.
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1. Introduction

The nature of dark matter (DM) remains one of the central open questions in fundamental
physics. While the thermal freeze-out of weakly interacting massive particles (WIMPs) offers
a theoretically appealing framework, its viability is increasingly challenged by null results from
collider, direct and indirect detection experiments. This has motivated the exploration of alternative
DM production mechanisms beyond the WIMP paradigm.

Conversion-driven freeze-out (or coscattering) [1, 2] presents a particularly intriguing alterna-
tive: Despite relying on very weak DM couplings that evade current experimental bounds, it still
achieves thermalization in the early Universe. This distinguishes it from other scenarios with very
weak couplings – such as freeze-in or superWIMP production – which lack thermalization and thus
are sensitive to initial conditions.

A minimal and well-motivated realization involves t-channel mediator models, where DM (X)
and a slightly heavier mediator (Y ) are stabilized by a new Z2 symmetry [3]. Both quark- and lepton-
philic versions of this setup have been studied, consistently pointing toward viable DM scenarios
with coupling strengths around 10−6 (see e.g. [1, 4–6]). In this regime, DM pair annihilation is
negligible and freeze-out proceeds solely via conversion processes – (inverse) decays Y ↔ Xi and
scatterings Yi ↔ X j, with i, j denoting SM particles [1]. Effectively, DM is diluted through these
Y → X conversions, followed by efficient mediator annihilation into SM states.

Strikingly, thismechanism also provides a pathway to baryogenesis [7]. Due to the specific tem-
perature dependence of the conversion rates, DMdeparts from equilibrium gradually, already during
the semi-relativistic regime – before substantial dilution begins. This early out-of-equilibrium phase
can generate a baryon asymmetry via CP-violating conversions. The same interactions then enable
sufficient DM dilution to yield the correct DM relic abundance. This offers a unified explanation
for both phenomena.

While conversion-driven DM freeze-out requires only two particles, successful baryogenesis
demands at least one additional degree of freedom. One possibility is to promote X to a multiplet
under a global symmetry, as in flavored DM scenarios [8]. The cogenesis framework of Ref. [7]
realizes this idea with lepton-flavored DM, generating a lepton asymmetry that is converted into a
baryon asymmetry via sphalerons [9], similar to thermal leptogenesis [10]. Quark-flavored variants
yield qualitatively similar results, offering further opportunities for model-building.

Although the tiny DM coupling hinders direct detection of DM, the mediator’s SM interactions
remain testable. In particular, the mediator is typically long-lived, with decay lengths from mil-
limeters to meters, making it a promising target for long-lived particle (LLP) searches at the LHC
and future colliders [11].

In this contribution, we review the mechanism of conversion-driven freeze-out (Section 2), ex-
plore its link to baryogenesis (Section 3), and discuss collider signatures of the scenario (Section 4).
We conclude in Section 5.

2. Conversion-drive freeze-out

To illustrate the mechanism of conversion-driven freeze-out, we consider a simple class of DM
models featuring a t-channel mediator. These extend the Standard Model (SM) by a singlet DM
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Figure 1: Cosmologically viable parameter space (ΩXh2 = 0.12) in the bottom-philic t-channel mediator
DM model. The thick black solid line marks the boundary between the WIMP regime (above) and the
conversion-driven freeze-out regime (below). At this boundary, the required Yukawa coupling strength drops
sharply by several orders of magnitude. Dashed gray lines indicate contours of constant proper decay length
of the mediator. Figure adapted from [12].

candidate, X , and a mediator, Y , both stabilized by a new Z2 symmetry. A minimal setup includes
the renormalizable interaction:

LX−Y−SM = − λY ψ̄X + h.c. , (1)

where ψ is a SM fermion – a quark or lepton. Here, we assume X to be a Majorana fermion and Y a
complex scalar. Gauge invariance requires Y to carry the same quantum numbers as ψ. In addition,
the scalar mediator can couple to the Higgs via

LY−SM = (DµY )† DµY − λHH†HY†Y , (2)

with Dµ the covariant derivative and H the SM Higgs doublet.
In the early Universe, three types of processes govern the evolution of the new physics particles’

abundances: (i) Annihilation and coannihilation of the form X X → SM and XY → SM, with rates
scaling as λ4 and λ2, respectively, (ii) pair-annihilation of the mediator, YY → SM, featuring a
λ-independent part from the interactions in Eq. (2), and (iii) conversions between X and Y through
(inverse) decays and scatterings, both scaling as λ2.

In the regime of small Yukawa couplings λ, DM annihilations and coannihilations (i) become
negligible, leaving mediator pair-annihilation (ii) as the dominant number-changing process of Z2-
odd states. Meanwhile, conversion processes (iii) can remain efficient, Γcon � H , since – unlike
annihilations – they are not exponentially Boltzmann-suppressed during freeze-out. This is because
conversions typically involve only a single heavy particle in the initial state, allowing chemical
equilibrium between X and Y to persist down to surprisingly small values of λ. However, when the
coupling becomes very small, λ ∼ 10−6 [1], the conversion rate becomes comparable to the Hubble
rate, Γcon ∼ H , initiating the chemical decoupling of X from Y and the SM bath. This defines the
regime of conversion-driven freeze-out [1, 2].
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This mechanism provides viable DM production with the correct relic density (ΩXh2 = 0.12)
in a broad class of models featuring a Z2-odd mediator, such as t-channel mediator models. Figure 1
illustrates the viable parameter space for a minimal bottom-philic t-channel model (ψ = bR), shown
in terms of the DM mass and the mass splitting between Y and X . Conversion-driven freeze-out
explains the measured relic density below the thick black line, i.e. for relatively small mass splittings
(up to a few tens of GeV) and DM (and mediator) masses up to about 4 TeV [12]. Notably, due to
the limited size of the mediator annihilation cross-section, the parameter space is fairly constrained
toward large masses, placing the scenario well within the reach of future collider searches. See
Section 4 for a discussion of the corresponding constraints.

Intriguingly, the small couplings required for conversion-driven freeze-out (λ ∼ 10−6) connect
to other open questions in particle physics beyond the SM. For instance, in realizations of the mech-
anism within the scotogenic model, such small couplings naturally account for radiatively generated
neutrino masses of the correct scale, while allowing for O(1) scalar couplings [13]. Moreover, the
weak thermal coupling of DM to the SM bath opens a newwindow for baryogenesis [7], a possibility
we explore in the next section.

3. Link to Baryogenesis

A defining feature of conversion-driven freeze-out is the semi-efficient nature of the conversion
rate, Γcon. Due to its shallow temperature dependence, Γcon remains close to the Hubble expansion
rate over a prolonged period – from the relativistic into the non-relativistic regime – thus enabling
thermalization, dilution, and eventually chemical decoupling of DM.

The left panel of Fig. 2 illustrates the resulting evolution of the mediator (blue) and DM (red)
abundances, YY and YX , respectively, in the aforementioned minimal bottom-philic model. These
curves are obtained by solving the coupled Boltzmann equations, accounting also for bound-state
effects of the mediator [12]. The plot shows that DM departs from thermal equilibrium already
when semi-relativistic, yet it remains sufficiently coupled to the mediator to undergo substantial
dilution during the non-relativistic phase.

Interestingly, this early deviation from equilibrium can be leveraged to satisfy the third Sakharov
condition required for baryogenesis [7]. Since the abundances are still sizeable during the semi-
relativistic stage, the generated asymmetry can be significant. Of course, successful baryogenesis
also demands C/CP violation and baryon number violation – the second and first Sakharov condi-
tions, respectively.

Because of CPT invariance, the total decay rates of Y and Y† are equal. Hence, for a single
DM and mediator species, the decay Y → Xψ does not lead to a CP asymmetry. This motivates
extending the particle content, for instance, by promoting X to a multiplet under a global symmetry,
with mass eigenstates Xk coupling to SM fermions of flavor f through a matrix λk f , as in flavored
DM scenarios [8]. In such setups, the partial decay widths of Y and Y† into Xk can differ, giving
rise to a nonzero CP asymmetry:

εk =
ΓY→Xkψ − ΓY†→Xk ψ̄

ΓY→Xkψ + ΓY†→Xk ψ̄

, (3)

where X is assumed to be self-conjugate.
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Figure 2: Evolution of the abundances,Y, for DM (red) and the mediator (blue) as a function of x = mX/T ,
for representative parameter points in the conversion-driven regime with ΩXh2 = 0.12. Left: Bottom-philic
minimal model, from [12]. Right: Lepton-flavored DM scenario that simultaneously accounts for the baryon
asymmetry. The green curve shows the mediator asymmetry, ∆Y , normalized to the CP asymmetry ε . Thick
lines correspond to equilibrated initial conditions for the DM multiplet states; thin lines labeled ‘0’ and ‘10’
refer to initial DM abundances of 0 and 10 times the equilibrium value, respectively. The green dashed line
marks the sphaleron decoupling temperature. Adapted from [7].

The presence of an CP asymmetry can induce an asymmetry in the mediator sector, ∆Y =
YY −YY† . The right panel of Fig. 2 shows the resulting evolution of ∆Y in a leptophilic realization,
where ψf = `R, f , with two DM flavors coupling to the first two SM generations. (The asymmetry
is normalized by ε ≡ ε1.) The asymmetry builds up during the semi-relativistic regime due to the
departure from equilibrium of the DM flavors Xk . The source term is proportional to

∑
k εkYk/Y

eq
k
,

requiring not only a deviation from equilibrium but also flavor-dependent abundances [7].
Importantly, the generated asymmetry is largely insensitive to initial conditions [7]. As demon-

strated by the thin lines labeled ‘0’ and ‘10’, even vastly different initial DM abundances evolve
toward the same out-of-equilibrium value, as previously observed in [1]. While the asymmetry
itself may be somewhat more sensitive, it remains robust in the relevant semi-relativistic window,
mX/T & 2. This distinguishes conversion-driven freeze-out from alternative cogenesis mechanisms
relying on freeze-in.

Finally, regarding the first Sakharov condition, the scenario leverages baryon number violation
of sphaleron processes in the SM for the generation of the baryon asymmetry: The conversion
processes generate a lepton asymmetry in the SM sector, equal but of opposite sign to the me-
diator asymmetry. This lepton asymmetry is then partially converted into a baryon asymmetry
by electroweak sphalerons, which are active until temperatures of about 130GeV. Crucially, this
decoupling occurs before the rapid depletion of the mediator (and its asymmetry) at mX/T & 5.
Thus, conversion-driven freeze-out with DM masses in the few hundred GeV range provides an
efficient and viable framework for simultaneous DM and baryon asymmetry generation.

In the resonant regime of quasi-degenerate DM multiplet states and for small mass splittings
∆mXY , the considered lepton-flavored model can account for both relic DM and the baryon asym-
metry for mX up to around 500GeV [7]. This parameter space is accessible to future collider
searches, as discussed in the next section.
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Figure 3: Collider bounds on parameter space in conversion-driven freeze-out scenarios. Left: Bottom-
philic model [11]. Right: Lepton-flavored DM model simultaneously explaining the baryon asymmetry [7].
Colored regions show 95% CL exclusions fromMET, DT, DV, and HSCP searches. Light blue areas indicate
projected reach of future displaced object searches. Details in text and references.

4. Tests at colliders

In the scenarios outlined above, the mediator carries electric or color charge, resulting in a
sizable production cross-section at colliders. A distinctive feature of conversion-driven freeze-out
is the long lifetime of the mediator, leading to striking signatures of LLPs.

This fairly general feature of the mechanism can be understood from a simple estimate: For
conversions to initiate chemical decoupling, their rate must be comparable to the Hubble rate,
Γcon ∼ H . Since conversions involve both scatterings and decays, this implies Γdecay . H , and
hence a decay length of cτY & H−1. For freeze-out temperatures relevant to mX ∼ O(100 GeV),
this corresponds to decay lengths around the centimeter scale. More precise estimates yield cτY
between millimeters and meters when Γdecay ∼ Γcon [1, 11] and longer if conversion is dominated
by scatterings [4].

This broad range of lifetimes requires a variety of search strategies [11]. For very long lifetimes
(meters and beyond), heavy stable charged particle (HSCP) searches utilizing anomalous ionization
and time-of-flight are effective. In the intermediate range (10 cm . cτY . 1 m), disappearing track
(DT) searches are promising. For shorter lifetimes, the mediator track may not be reconstructed,
necessitating searches for displaced vertices (DV) or displaced leptons (DL). Standard missing
energy (MET) searches may also be sensitive, although they do not specifically exploit the LLP
nature and therefore have weaker reach.

The left panel of Fig. 3 shows current LHC constraints on the bottom-philic model from CMS
disappearing track [14, 15], ATLAS displaced vertex [16], and CMS MET [17] searches. Notably,
the DV search barely outperforms the MET search, despite its much lower background – revealing
a gap in sensitivity to soft displaced objects. This limitation stems from current DV searches
being tailored to hard decay products, as expected in scenarios like split supersymmetry, whereas
conversion-driven freeze-out typically yields soft visible particles with energies of the order of the
small mass splitting between the mediator and DM.

For example, the ATLAS DV search includes a cut on the invariant mass of the displaced
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jet that significantly suppresses signal efficiency. Lowering this threshold could enhance the reach
substantially, as shown by the ‘DV projection’ region in Fig. 3 (left) [11]. Such improvements would
be particularly effective in Run 3 and beyond, since LLP searches benefit more from increased
statistics than MET-based analyses, which are already systematics-limited [11].

The right panel of Fig. 3 shows constraints on a lepton-flavored DM model that also accounts
for the baryon asymmetry. The curves correspond to three benchmark scenarios with fixed mass
splitting and mediator branching ratios. The viable region falls in the cτ range of a few millimeters
to centimeters. MET searches [18, 19] currently provide the strongest bounds, though only up to
mediator masses of about 140GeV.

Similar to the quark-philic case, existing searches for displaced leptons have limited reach due
to their focus on high-momentum signatures. A dedicated search targeting soft displaced leptons,
in conjunction with MET, could significantly enhance sensitivity [7]. The projected reach of such a
strategy at the LHC (for 139 fb−1 and 3 ab−1) and at the FCC-hh is shown by the light blue regions
in the right panel of Fig. 3.

5. Conclusions

Conversion-driven freeze-out provides a compelling framework for thermalized DM with
very weak interactions, realized via a t-channel mediator nearly degenerate in mass with the DM
particle. In the early Universe, chemical decoupling proceeds gradually and begins while DM is
still relativistic, further enabling the generation of sizeable matter–antimatter asymmetries through
CP-violating conversion processes.

This mechanism for baryogenesis exploits the fact that sphalerons act only on the SM asymme-
tries, while those in the dark sector – specifically of the mediator – remain unaffected. As a result,
a net baryon asymmetry persists after sphaleron freeze-out. For lepton-flavored models, viable
parameter space extends up to DMmasses of ∼ 500GeV and lies within reach of current and future
colliders.

The small couplings required lead to mediator decay lengths of millimeters to meters, giving
rise to characteristic LLP signatures. However, current LHC searches lack sensitivity to the soft
displaced objects typical of this scenario, leaving a clear gap. Dedicated searches targeting such
signatures are crucial to probing the lower lifetime frontier. Notably, future colliders offer the
potential for full coverage of the viable parameter space.
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