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Outline

2-body decays of SM particles with missing energy are excellent probe of 
new light bosons, which can fully account for observed DM abundance
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stable

Excellent theory motivation: ★ QCD Axion produced via misalignment

★ ALP produced via thermal freeze-in 
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The Strong CP Problem
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• SM contains topological QCD 𝜃-term, which violates P and CP

• Contributes to neutron EDM, which has stringent upper exp. limit 

difficult to explain small 𝜃 with symmetries or anthropic arguments 


Pospelov, Ritz ‘99; nEDM@PSI ’20



The QCD Axion Solution

• Non-perturbative QCD generates potential for 𝜃, with trivial minimum

• Realized if Goldstone boson of new global, anomalous U(1)PQ symmetry
Peccei, Quinn ‘77; Wilczek; Weinberg ’78
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The QCD Axion Mass

• Same potential solves Strong CP Problem and generates axion mass

Grilli di Cortona, Hardy, Pardo Vega, Villadoro ‘15

• Generalized to “axion-like” particle (ALP) taking mass as free parameter 
does usually not solve Strong CP Problem
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• Axion is easily stable on cosmological scales, since Goldstone boson

Axion Dark Matter
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• Can be produced in early Universe in many ways: 

misalignment, decays of topological defects, thermal freeze-in, …
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Axion Production: Misalignment

Preskill, Wise, Wilczek / Abbott, Sikivie / Dine, Fischler ’83

• Energy stored in oscillations behaves 
just like Cold Dark Matter

• Evolution of homogenous classical 
scalar field in expanding universe
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solves Strong CP Problem 
& generates axion mass

contributes to axion 
couplings to photons

axion couplings to fermions 
(in general flavor-violating) 

Georgi, Kaplan, Randall ’86

Axion Phenomenology

• Most general axion couplings to SM described by EFT well 
below breaking scale of PQ symmetry
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Present Constraints and Prospects: Photons
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• Often ignored, but general effective axion couplings are flavor-violating

Flavor-violating Axions

• Allow axion production from tree-level decays of SM particles

★ particle colliders → direct searches 
★ core-collapse supernovae → energy loss 

★ early Universe → freeze-in DM 

<latexit sha1_base64="RcrM7HBnaDyGDuXuNlSxBK3y1Nw="></latexit>

µ ! ea , ⌧ ! ea , K ! ⇡a , ⇤ ! na , B ! ⇢a , . . .
a

<latexit sha1_base64="nP2NkTqMNXMnqErxrM803/6pUx8=">AAACOHicZVDLTgIxFO3gC/EFunQzSkhckRk10SXRjUtI5JEAIZ3OBRr6mLQdlEz4Arf6M/6JO3fGrV9ggYlBuEmbk3N7Tk5PEDGqjed9OJmNza3tnexubm//4PAoXzhuaBkrAnUimVStAGtgVEDdUMOgFSnAPGDQDEb3s31zDEpTKR7NJIIuxwNB+5RgY6ka7uWLXtmbj7sO/BQUUTrVXsE564SSxByEIQxr3fa9yHQTrAwlDKa5TqwhwmSEB9C2UGAOupvMk07dkmVCty+VPcK4czZXWpaEYxrpVPS8UC1bJphrPeGBteLYDPXqbkb+7ZaNk0CycCWd6d92Eyqi2IAgi3D9mLlGurOq3JAqIIZNLMBEUfs/lwyxwsTYQnMdAU9Eco5FmHQg0tP5TZkUU1uqv1rhOmhclv2rsle7Llbu0nqz6BSdowvkoxtUQQ+oiuqIIEAv6BW9Oe/Op/PlfC+eZpxUc4L+jfPzCwZRrZk=</latexit>

<latexit sha1_base64="LduHJGASaGNF1S7eRxdm/5jVvIk="></latexit>

e

<latexit sha1_base64="3GOlRaS4vF9uCoYB7iGjE00wXlo="></latexit>

µ



Origin of Flavor-Violating Couplings

• Fermion couplings determined by PQ charges in fermion mass basis

• Predictive when PQ = flavor symmetry addressing SM Flavor Puzzle
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Axion Production in Flavor Factories

Quarks:

Leptons:

SM background  tiny                              

SM background huge
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• Study 2-body meson/lepton decays with missing energy 

look like SM decays with neutrino pair, but monochromatic

• Explicit search interesting, since 2-body decays probe large UV scales  
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Present Constraints and Prospects: Flavor
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Constraints on Flavor-violating Couplings
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Constraints from SN1987A

Best handle on axial-vector coupling to s-d from hyperon decays

Many hyperons in hot proto-neutron star formed 
during core-collapse supernovae [T ≈ 40 MeV]

Hyperon decays to axions provide extra cooling 
that would have shorten observed neutrino pulse 
of SN1987A: limits energy loss rate

Gives best bound on invisible hyperon decays

a
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Axion DM Production: Thermal Freeze-In

Hall, Jedamzik, March-Russell, West ‘09

• DM has couplings to SM so tiny 
that never in thermal equilibrium

Continuously produced from SM 
decays (and scattering), until SM 
particles become non-relativistic 

for decay of SM particle f with mass M
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Figure 1: Log-Log plot of the evolution of the relic yields for conventional freeze-
out (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the e↵ect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ⇠ 2 � 5, in
contrast to freeze-out which only departs from equilibrium for x ⇠ 20� 30.

of the freeze-out mechanism is that for renormalisable couplings the yield is dominated by low
temperatures with freeze-out typically occurring at a temperature a factor of 20 � 25 below the
DM mass, and so is independent of the uncertain early thermal history of the universe and possible
new interactions at high scales.

Are there other possibilities, apart from freeze-out, where a relic abundance reflects a com-
bination of initial thermal distributions together with particle masses and couplings that can be
measured in the laboratory or astrophysically? In particular we seek cases, like the most attractive
form of freeze-out, where production is IR dominated by low temperatures of order the DM mass,
m, and is independent of unknown UV quantities, such as the reheat temperature after inflation.

In this paper we show that there is an alternate mechanism, “freeze-in”, with these features.
Suppose that at temperature T there is a set of bath particles that are in thermal equilibrium and
some other long-lived particle X, having interactions with the bath that are so feeble that X is
thermally decoupled from the plasma. We make the crucial assumption that the earlier history
of the universe makes the abundance of X negligibly small, whether by inflation or some other
mechanism. Although feeble, the interactions with the bath do lead to some X production and,
for renormalisable interactions, the dominant production of X occurs as T drops below the mass
of X (providing X is heavier than the bath particles with which it interacts). The abundance of
X “freezes-in” with a yield that increases with the interaction strength of X with the bath.

Freeze-in can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards
(freeze-in) thermal equilibrium. Freeze-out begins with a full T 3 thermal number density of DM

2

DM coupling 
strength to SM

Equilibrium 
density

Freeze-In DM
Freeze-Out DM
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• DM abundance determined by 
product of DM mass & decay rate



ALP Dark Matter from SM Decays

• Use flavor-violating SM decays for freeze-in production of ALP DM
Panci, Redigolo, Schwetz, RZ ‘23

DM abundance fixes decay rate
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= 0.12

requires suppressed 
photon coupling

requires ALP mass 
in suitable window 

(anomaly-free, coupling/mass hierarchy)

(lab searches vs. kinematic threshold)

DM stability is challenging



Benchmark Models

overall coupling relative coupling ALP mass

bounded by X-ray telescopes

bounded by flavor factories and

structure formation (“Warm DM”)

e.g.
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• Simple ALP DM models with 3 parameters for given flavor transition

[alternatively fix flavor rotation by CKM and  PQq = diag (X,-1-X,1): “CKM-Scenario”] 

“𝜇e-Scenario”



𝝁e-Scenario CKM-Scenario
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Summary 

in Flavor Factories, probing decay constants up to 1012 GeV (NA62) 
or 1010 GeV (Mu3e) or 108 GeV (B-factories) with 2-body decays

in the early Universe, giving observed DM abundance via freeze-in: 
very simple class of DM models that can be tested at PSI and NA62

in SN1987A from decays of moderately heavy flavors, contributing 
to energy loss and providing strongest bounds on hyperon decays

DM Axions can be produced by flavor-violating SM decays  
a
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