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Fig. 1 The lamppost landscape for particle discovery at colliders. Strongly interacting and light
particles have already been discovered; weakly interacting and heavy particles are beyond reach.
The frontier for new particle discovery, therefore, lies along the diagonal and includes the traditional
target of strongly interacting and heavy particles and the new target of weakly interacting and light
particles

dark matter and the appeal of thermal relics with the observed abundance therefore
also favors searching for light and weakly interacting particles.

From the viewpoint of particle physics, there are also strong motivations for
searches for this new class of particle. Searches for new TeV-scale particles at the
LHC and elsewhere have come up empty so far. These searches remain of great inter-
est, especially given upcoming runs of the LHC and HL-LHC, but at the same time,
it is natural to look elsewhere. Light and weakly interacting particles are of interest
in part because they may resolve outstanding discrepancies between theory and low-
energy experiments [4–6]. But perhaps most important, light and weakly interacting
particles are amenable to experimental searches; see Fig. 1. As evident from the con-
tributions of Bertrand Echenard, Mauro Raggi, and others to these proceedings, this
possibility has opened the floodgates to innovative ideas for accelerator experiments
that are relatively small, cheap, and fast, and may nevertheless have revolutionary
implications for particle physics and cosmology.
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Fig. 3. Projected sensitivities on dark matter-electron cross section for a light mediator for SENSEI (cyan, silicon, 100-gr-yr), Oscura (blue, silicon, 30-kr-yr) [7,17], and 
LBECA (green, Xe, 100 kg-yr) [7,11,18,19] for both halo dark matter (solid) and “solar-reflected” dark matter (SRDM) (dashed, see §5). Halo dark matter projections 
use QCDark [20,21] for silicon and [19] for Xe; SRDM projections use simulations from my work with Emken and Xu [22] and calculations for how boosted dark 
matter interacts with electrons in silicon from my work with Plestid and Singal [23] (we include the effect of plasmons). Shaded regions are 90% c.l. limits on 
halo dark matter from SENSEI (Fermilab (black) [13–15], SNOLAB (cyan) [16]) and XENON10/100/1t, DarkSide-50, CDMS-HVeV, EDELWEISS, PANDAX-II, EJ-301, 
DAMIC, DAMIC-M [11,18,10,24–33] (unlabeled gray lines); SRDM limits are from [22]: SENSEI (Fermilab (black) [15] SNOLAB (yellow) [16]) and XENON1T [25]
(gray, unlabeled). Orange line is freeze-in target [7,34,17,35].

Fig. 4. The expected rate for dark matter-electron scattering events in silicon versus the electron recoil energy, expressed in terms of the number of electron-hole 
pairs generated following the secondary ionization modeling in [45]. We assume a dark matter mass of 1 GeV, that the dark matter interacts with electrons through a 
heavy mediator, and an exposure of 1 kg-year. We compare four different codes, QEDark [17,39] (augmented with an analytic screening function), QCDark [20,21], 
EXCEED-DM [43,44], and DarkELF [40,42]. Figure taken from [20].

using condensed matter techniques, such as density functional theory (DFT). The first detailed calculation of this was done in 2015 
in [17] (as a follow-up to [7]) when collaborators and I developed the Quantum Espresso Dark (QEDark) code [39]. Subsequently, 
others emphasized the importance of dielectric screening [40–42] and “all-electron” effects [43,44]. Recently, in work with two 
condensed-matter theory colleagues Dreyer and Fernandez-Serra at Stony Brook, and our two PhD students, Singal and Zhen, I 
presented ab–initio all–electron calculations in [20] and made public a new tool, called Quantum Chemistry Dark (QCDark) [21]. We 
also checked various theoretical systematic uncertainties that affect the rate, including the choice of basis set, exchange-correlation 
functional, the number of !-points etc.

I compare the various codes in Fig. 4. We see reasonable agreement among the various tools, but also some notable differences, 
especially at higher masses. At higher recoil energies, “all-electron” effects become important [43,44]; in particular, although the 
core electrons are too deep to be excited, the calculation of the valence band electron wavefunctions must be orthogonalized with 
respect to the core electrons. Doing this impacts the high-momentum modes, which are the ones that are important for higher recoil 
energies, as these require the transfer of larger amounts of momentum.
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Flavor violation is a problem! 
too large FCNCs if suppressed by weak scale 



Flavor-violating two-body decays are great probes of light Dark Matter 

7

Dark Matter
<latexit sha1_base64="1Bk9gHrNkhpBzLuUL/M57AGDILc="></latexit>

a

Outline

<latexit sha1_base64="iQxlj+I0cIrosKiOCJHFspB48A0="></latexit>

ma → MeV
<latexit sha1_base64="7Xl9+Z7HD/NQIWjlgKEIM+hkMm0="></latexit>

!UV → 108GeV
<latexit sha1_base64="UyHG6Jo1pirqR5VLp91IDADzbzA="></latexit>

ωa → 1017 s

light

invisible

stable

Excellent theory motivation: 
▪ QCD axion (produced e.g. via misalignment) 
▪ Axion-like particles (produced e.g. via freeze-in) 
▪ pseudo-Goldstones of global flavor symmetries

Rich phenomenology: 
▪ particle colliders → direct searches 
▪ core-collapse supernovae → energy loss  
▪ early Universe → dark radiation

<latexit sha1_base64="sglH//3XQLqaVaVOMhGtCuHu8rw="></latexit>

B+
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K+



The QCD Axion

<latexit sha1_base64="07ZiJyhzkLNq9MqkMc1iVgJYkco="></latexit>

|dn| ⇡ 2.4(1.0)⇥ 10�26e cm⇥
✓

sin ✓

10�10

◆

Pospelov, Ritz ‘99; nEDM@PSI ’20

<latexit sha1_base64="uj3HNdKR3AgSHk4pFWVg9K2vuSw="></latexit>

Vω → ↑m2
εf

2
ε | cos ω/2| …just need to promote 𝜃 to scalar field w/o potential

Peccei, Quinn ‘77

▪ SM Lagrangian contains topological QCD 𝜃-term, which violates P and CP 
contributes to neutron EDM, which has stringent upper experimental limit 

▪ Non-perturbative QCD effects generates potential for 𝜃 with trivial minimum

realized if Goldstone boson of new global, anomalous U(1) symmetry
<latexit sha1_base64="ZfhmLMJZleROzilVwcFONc2enqI="></latexit>

ω → a(x)

fa Wilczek ’78,  Weinberg ‘78



The QCD Axion mass

▪ Same potential solves Strong CP Problem and generates tiny axion mass 

0 π 2 π-π-2 π

θ = a/fa

V(a)
<latexit sha1_base64="ZGdXdpPHt+U1KsYPn0Cfvg5ybfI="></latexit>

✓e↵ = ha(x)i/fa = 0

<latexit sha1_base64="L2GyNb/OAOkKz/juUwa2wxY3OFc="></latexit>

ma ⇡ m⇡f⇡
fa

= 5.691(51)

✓
109GeV

fa

◆
meV

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

Flavor violation is a problem! 
too large FCNCs if suppressed by weak scale 



Axion Dark Matter

▪ Axions are easily stable on cosmological scales, since very light

for QCD axion
<latexit sha1_base64="kcAG22MXZ67klmKm/zziDnt6RIU="></latexit>

mafa → mωfω

▪ Can be produced in early Universe in many ways  
 misalignment, decays of topological defects, thermal freeze-in…
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Preskill, Wise, Wilczek / Abbott, Sikivie / Dine, Fischler ’83
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Axion Phenomenology

▪ Except for gluon couplings, all QCD axion couplings are model-dependent

▪ Most general axion couplings described by EFT well below PQ breaking scale

e.g.
a
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�

probed by helioscopes & star cooling
[CAST/HB stars]
[IAXO]

Georgi, Kaplan, Randall ’86

a
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probed by B-factories
[Belle]

often assumed that flavor violation is absent @tree-level, but well-motivated in many UV theories
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fa

ωem

4ε
F̃µεFµε
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→ 108 GeV

e.g.
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[Belle II]
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Axion Couplings to Photons

▪ Several contributions to axion-photon coupling

Meißner et al. ‘20
EM anomaly decoupling fermion contributionmixing

▪ Present in generic UV models and experimentally easy@Halo- and Helioscopes

solar photon

axion

X-ray photon

Helioscopes 
e.g. CAST 

Haloscopes 
e.g. ADMX 

DM axion

photon  

resonantly detected by 
microwave cavity  
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Axion Flavor Phenomenology

▪ Study 2-body lepton/meson/baryon decays with missing energy 

 look like SM decays with neutrino pair, but monochromatic 

▪ Allow for light axion production from tree-level decays of SM particles

− in particle colliders → direct searches  
− in core-collapse supernovae → energy loss  
− in the early Universe → dark radiation
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µ → ea , ω → ea , K → εa , ! → na , B → ϑa , !c → pa , . . .



Origin of Flavor-Violating Couplings

▪ Fermion couplings determined by PQ charges in fermion mass basis

flavor violation is present at tree-level whenever 
fermion charges are not aligned to fermion masses 

▪ Predicting flavor-violating couplings is difficult: needs theory of flavor 

unitary matrices that 
diagonalize SM Yukawas

diagonal PQ 
charge matrices

Wilczek ’82; Ema et al. ’16; Calibbi, Goertz, Redigolo, RZ, Zupan ’16 

can impose flavor alignment (“Minimal flavor violation”), so that flavor-violation only radiatively 
induced → loop/CKM suppressed, but constraints from flavor-diagonal pheno typically stronger

naturally predictive scenarios when PQ = flavor symmetry addressing SM Flavor Puzzle
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Axion Production in Flavor Factories

▪ Explicit searches for 2-body decays are interesting, since probe large UV scales 

Light new bosons Heavy new dofs (SMEFT)dim  = 5
dim  = 6
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Axion Production in Flavor Factories

▪ Invisible searches are interesting, since visible decays are very constrained

Figure 1: Parameter space for e!ective electron (left panel) and photon cou-
plings (right panel) with dashed contour lines denoting proper decay lengths.
Dark shaded regions indicate excluded regions by laboratory experiments,
see text for details. In the left panel we show in color the regions where the
ALP decay to e

+
e
→ is prompt (red), displaced (yellow) or invisible (green)

at Belle II and Mu3e, while in the red panel we only distinguish visible (yel-
low) or invisible (green) di-photon decays at Belle II and MEG II.

25



Axion Flavor Phenomenology
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Figure 2: Present and prospective limits on flavor-violating couplings of a
light axion from laboratory searches (yellow), astrophysics (red) and cosmol-
ogy (blue). For a given quark flavor transition i → j and chirality structure
the bound is set on !e! = 2!/|C

V,A

ij
| in the notation of Eq. (2.1). Dashed

red horizontal lines indicate the astrophysical limits on flavor-diagonal cou-
plings to electrons, nucleons and photons in the same convention.

5 Light dark matter

The possibility to explain the observed dark matter abundance is one of
the driving motivations of light dark axions. In this section we take a a
model-independent approach to axion dark matter, and discuss its stability
(Section 5.1) and production in the early universe (Section 5.2). We summa-
rize the parameter space in Section 5.3 (Figs. 3 and 4), including constraints
from flavor, axion haloscopes, star cooling and searches for decaying DM.

5.1 Dark matter stability

We review
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Figure 2: Present and prospective limits on flavor-violating couplings of a
light axion from laboratory searches (yellow), astrophysics (red) and cosmol-
ogy (blue). For a given quark flavor transition i → j and chirality structure
the bound is set on !e! = 2!/|C

V,A

ij
| in the notation of Eq. (2.1). Dashed

red horizontal lines indicate the astrophysical limits on flavor-diagonal cou-
plings to electrons, nucleons and photons in the same convention.

5 Light dark matter

The possibility to explain the observed dark matter abundance is one of
the driving motivations of light dark axions. In this section we take a a
model-independent approach to axion dark matter, and discuss its stability
(Section 5.1) and production in the early universe (Section 5.2). We summa-
rize the parameter space in Section 5.3 (Figs. 3 and 4), including constraints
from flavor, axion haloscopes, star cooling and searches for decaying DM.

5.1 Dark matter stability

We review
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Constraints from Supernova Cooling

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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Constraints from Dark Radiation

▪ Flavor-violating SM decays produce hot axions in early universe, which is 
constrained by limits on Dark Radiation (“Neff”) from CMB Baumann et al  ’16, D’Eramo, Yun ’21

where f is the axion decay constant. Note that axion
interactions with leptons do not necessarily conserve fla-
vor. For further convenience we define Ci → C

A
ii and

Cij →

√
|CA

ij |
2 + |CV

ij |2. We will refer collectively to flavor-
conserving and flavor-violating couplings as C.

In order to derive the cosmological bounds we need
to know the abundance of axions produced in the SM
bath. We calculate it following the same methodology as
in Ref. [52], namely by solving the Boltzmann equation
for the axion phase-space distribution function fa(x, q)
in the expanding Friedmann–Lemaître–Robertson–Walker
(FLRW) Universe1

H̃(x) (xωx ↑ g̃qωq) fa(x, q) = C[fa] , (4)

where x = m/T is the e!ective unit of cosmic time in-
versely related to the temperature of the SM bath (m can
be arbitrary, but it is convenient to use the mass of the
heaviest lepton in the reaction), q = p/T is the reduced
momentum of the axion, H̃ = H/(1 + g̃) is the reduced
Hubble parameter with g̃ = (↑1/3)(d ln hs/d ln x) being
the derivative of the e!ective number of entropy degrees
of freedom hs and C[fa] is the collision term that accounts
for the impact of all the processes involving an axion on
its distribution function. The exact formulae for the colli-
sion terms and interaction rates, as well as other practical
details can be found e.g. in Ref. [52]. The axion abun-
dance is determined by the integration of fa(x, q) over the
phase-space of the axion, be it the number density of ax-
ions na or their energy density εa. As demonstrated in
Ref. [52] the axion abundance computed by solving the
Boltzmann equation for the number density na under the
assumption of kinetic equilibrium can noticeably deviate
from the one recovered with the use of the more general
momentum-dependent Boltzmann equation for the distri-
bution function fa(x, q). However, the benefits of the lat-
ter approach extend beyond just a more precise estimate
of the axion abundance – below we discuss the impor-
tance of axion distribution function fa(x, q) for cosmologi-
cal probes. Throughout the text, whenever the distinction
between the two approaches to compute the axion abun-
dance is discussed, the first will be referred to as fBE (full
phase-space Boltzmann equation) and the second as nBE
(number-density Boltzmann equation).

In the presence of flavor-conserving axion-lepton cou-
plings, axions are produced through scattering processes
involving leptons and photons: l

±
ϑ ↓ l

±
a, l

+
l
→

↓

ϑa. The corresponding scattering rates are proportional
to |Ci|

2. For flavor-violating models, axion production
is dominated by the decays of the form l

±
i ↓ l

±
j a

with the corresponding decay rates proportional to |Cij |
2.

1
This momentum-dependent approach is also described in detail

for two-body annihilations and elastic scatterings of massive particles

in Ref. [66] and for dark radiation produced from two-body decays

and binary scatterings in Ref. [67].
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Figure 1: !Ne! computed via fBE as a function of f/|C| for all con-

sidered lepton channels. Solid curves correspond to lepton-flavor con-

serving (LFC) processes, while dashed curves correspond to lepton-

flavor violating (LFV) processes. The results for electron interac-

tions are plotted with an orange curve (only LFC), muon interac-

tions – with purple curves, and tau interactions – with golden curves.

Dashed grey horizontal lines mark the current constraint from Planck

and the predicted sensitivity of Simons Observatory. See text for

more details.

Flavor-violating scatterings involving photons are sub-
dominant [26] and can be safely neglected when deriving
cosmological constraints.

Cosmological constraints for axions are often derived
in terms of the e!ective number of additional neutrino
species, which is given by the following formula for axions

!Ne! =
8

7

(
11

4

)4/3
εa

εω
, (5)

where εa and εω are the axion energy density and pho-
ton energy density, respectively. !Ne! e!ectively param-
eterizes the impact of additional relativistic species on
the sound horizon around recombination, fluctuation am-
plitude and other cosmological quantities, thus precision
CMB measurements and BAO measurements can directly
constrain the presence of any excessive radiation density
above the SM. For example, the benchmark constraint
value established by the Planck analysis is !Ne! ↔ 0.3
at 95% C.L. [33]. In Fig. 1 we show !Ne! computed via
fBE approach for all axion-lepton couplings that we con-
sider in this work and show the corresponding constraints
from Planck and the projected sensitivity of Simons Ob-
servatory.

When axion contribution to !Ne! is computed it is of-
ten assumed that axions were produced in thermal equi-
librium and remain ultra-relativistic at the onset of re-
combination. As demonstrated in Ref. [52] the former as-
sumption (being expressed as the relation between axion
number density and energy density) can significantly un-
derestimate the energy density of axions if axion produc-
tion is rather mild (freeze-in scenario). Furthermore, if ax-
ion mass is large enough, the non-relativistic axion species
start to dominate the energy density of axions around re-

3
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ω → εa
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µ → ea

for sufficiently small axion couplings 
freeze-in production
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from Badziak et al. ‘25



Summary and Outlook

▪ Light (QCD) axions can be produced in flavor-
violating decays, probing UV scales up to 1012 GeV 
(NA62), 1010 GeV (Mu3e) or 109 GeV (Belle II) 

▪ Collider experiments compete with astrophysics 
(star cooling) and cosmology (dark radiation)  

▪ More explicit models needed to set experimental 
targets [connection to SM flavor puzzle] 

▪ Generalize pheno to axion mediators to dark sector 
[axion becomes long-lived, probe with SHiP/FASER]
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Experimental Limits

Decay Prosp. Limit Experiment

BRproj(K → ωX) 1 ↑ 10→11 [5] NA62

BRproj(K → ωωX) 7 ↑ 10→7 [5] E391a

BRproj(! → pX) 2 ↑ 10→6 [9] STCF

BRproj(D → ωX) 1 ↑ 10→5 [9] STCF

BRproj(”c → pX) 1 ↑ 10→6 [9] STCF

BRproj(B → KX) 8 ↑ 10→7 [9] Belle II

BRproj(B → K
↑
X) 4 ↑ 10→6 [9] Belle II

BRproj(B → ωX) 2 ↑ 10→6 [9] Belle II

BRproj(B → εX) 3 ↑ 10→6 [9] Belle II

BRproj(µ → eX)iso 7 ↑ 10→8 [6] MEGII-fwd

BRproj(µ → eX)iso,L,R 7 ↑ 10→8 [157] Mu3e

BRproj(µ → eX)iso 1 ↑ 10→7 [158] Mu2e/COMET-X

BRproj(ϑ → eX) 4 ↑ 10→5 [68] Belle II

BRproj(ϑ → µX) 3 ↑ 10→5 [68] Belle II

Table 3: Prospective limits from Ref. [9] on branching ratios of two-body me-
son, baryon and lepton decays with X denoting a massless invisible particle.
The last column denotes the reference in which the forecast was performed.

a few MeV.

4.2 Limits from astrophysics

Light dark particles can be copiously produced in stellar plasmas and carry
away energy, potentially messing up stellar dynamics [159]. This argument
has been widely used to constrain light dark sectors that couple to ordinary
stellar matter, such as nucleons, electrons and photons. In particular, strin-
gent limits have been derived for the interactions of new light bosons such as

33

Decay 90% CL Limit Experiment

BR(K → ωX) 2.8 ↑ 10→11 NA62 [129]

BR(! → pX) 3.2 ↑ 10→5 BESIII [130]

BR(D → ωX) 8.0 ↑ 10→6 [5]r CLEO [131]

BR(D → εX) 1.1 ↑ 10→5 BESIII [132]

BR(”c → pX) 8.0 ↑ 10→5 BESIII [133]

BR(B → KX) 3.4 ↑ 10→6 Belle [134]

BR(B → K
↑
X) 4.2 ↑ 10→5 [135]r BaBar [136]

BR(B → ωX) 2.3 ↑ 10→5 [5]r BaBar [137]

BR(B → ϑX) 3.9 ↑ 10→4 [138]r LEP [139]

BR(µ → eX)iso 2.6 ↑ 10→6 TRIUMF [17]

BR(µ → eX)R 2.5 ↑ 10→6 [6]r TRIUMF [17]

BR(µ → eX)L 5.8 ↑ 10→5 TWIST [140]

BR(ϖ → µX) 2.8 ↑ 10→4 Belle II [141]

BR(ϖ → eX) 4.5 ↑ 10→4 Belle II [141]

Table 2: Laboratory limits on branching ratios of two-body meson, baryon
and lepton decays with a massless, invisible final-state particle X. When the
limit was obtained by recasting public data (and no bound was published by
the experimental collaboration), we indicate the reference where the recast
has been performed by []r. For polarized muon decays the limit depends on
the angular distribution of electron momenta, denoted as “iso” for isotropic
decays, “R” for ↓ 1 + cos ϱ and “L” for ↓ 1 ↔ cos ϱ, see text for details.
These bounds are valid for any dark boson with mass below the experimental
resolution and su#ciently long-lived to appear as missing energy.

4.1.1 Quark flavor violation

In the quark sector the most stringent limits typically arise from searches
for two-body decays of pseudoscalar mesons and baryons, with associated
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Limits on QCD axion couplings

!e! Experiment !proj
e! Experiment

C
V
sd 1.1 → 1012 NA62 1.8 → 1012 NA62

C
A
sd 2.8 → 107 BESIII 1.1 → 108 STCF

C
V
cu 1.5 → 107 BESIII 1.4 → 108 STCF

C
A
cu 1.4 → 107 BESIII 1.2 → 108 STCF

C
V
bs 4.8 → 108 Belle 1.0 → 109 Belle II

C
A
bs 1.4 → 108 BaBar 4.6 → 108 Belle II

C
V
bd 1.2 → 108 BaBar 4.0 → 108 Belle II

C
A
bd 4.7 → 107 LEP 5.4 → 108 Belle II

C
iso
µe 5.5 → 109 TRIUMF 3.3 → 1010 Mu3e

C
L
µe 1.2 → 109 TWIST 3.3 → 1010 Mu3e

Cωe 1.0 → 107 Belle II 4.0 → 107 Belle II

Cωµ 1.3 → 107 Belle II 3.5 → 107 Belle II

Table 4: Present and prospective laboratory limits on inverse couplings
!e! ↑ 2!/Cij in GeV for the respective flavor transition i ↓ j and massless
axions. Values are derived from Tables 2 and 3, see text for details.

the QCD axion, see Refs. [160, 161] for recent reviews. Similar limits apply
to all particles that i) are su”ciently long-lived to escape from the interior
and ii) light enough to be produced in the plasma, which roughly requires
a mass below the core temperature. Ordinary stars such as red giants and
white dwarfs can probe interactions of new particles with masses in the keV
range, while heavier particles with masses up to 100 MeV can be produced
in the extreme environments of proto-neutron stars (PNS) formed during
core-collapse or Type-II supernovae (SN).

Such supernova explosions accompany the terminal phase of massive
stars heavier than about eight solar masses, which collapse under their own
gravity after the nuclear fuel has exhausted. When the inner core reaches nu-
clear densities, the collapse is stalled and converted into a shock wave prop-
agating outwards (the “bounce”), which eventually ejects the outer mantle
in the SN explosion. In the course of this process, most of the gravitational
binding energy is emitted in the form of neutrinos on a timescale of few
seconds [162]. In this late cooling phase, the PNS is essentially a black-body

34

taken from 2606.07749



Peccei-Quinn Flavor Models

▪ Global flavor symmetries models often have QCD anomaly

detmd/detme = [det ad/det ae] ✏
8
3N�E

}

}

}

}
⇡ 10�20

⇡ 0.7

O(1)

O(1)

QCD anomaly coefficient

EM anomaly coefficient

detmudetmd/v
6 = [det audet ad] ✏

2Ne.g. single U(1)FN

Binetruy, Ramond ’94

▪ Fixes flavor-violating couplings up to model-dependent O(1) coefficients

U(1)PQ = U(1)F

<latexit sha1_base64="FqabaUjgO/Me4aiAikWSNUxEDv0="></latexit>

Ema et al. ’16 
Calibbi, Goertz, Redigolo, RZ, Zupan ’16

Linster, RZ ’18 
Calibbi, Redigolo, RZ, Zupan ‘20

sizable light 
quark transitions
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U(1)PQ ⇢ U(2)F
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CV
didj

⇠ (VCKM)i3(VCKM)j3
suppressed light quark 

transitions, but LFV sizable
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Flavor Anarchy vs. Minimal Flavor Violation

▪ Always have SM flavor violation from RG running  Bauer, Neubert, Renner, Schnubel, Thamm ‘21
Choi, Im, Park, Yun’17
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Fig. 4: Constraints on the axion decay constant fa for the flavor anarchic (left) and minimal flavor violation (right)
benchmarks. The constraints from NA62 are showed as colored regions, cf. Fig. 3. The SN1987A constraints (grey
region) are taken from Ref. [113] for SN cooling through nucleon bremsstrahlung NN ! NN + inv, and from
Ref. [96] for cooling via hyperon decays ⇤ ! n+inv. The K�K̄ mixing constraints assume that the dimension-6
UV contributions are small. Also shown in the right panel are the contour lines below which the ALP is no longer
long-lived (c⌧a < 1 m) and above which its lifetime is stringently constrained by cosmology (⌧a > 1 s).

Phenomenological constraints in explicit models usually imply fa � 10
6

GeV, so that the QCD axion
is essentially massless and stable for collider purposes. By definition the QCD axion couples to glu-
ons, N3 6= 0, while couplings to fermions are model dependent. Flavor-violating couplings generically
arise when Peccei-Quinn (PQ) charges are flavor non-universal. This possibility is especially well mo-
tivated if the PQ symmetry is (partially) responsible for explaining the hierarchies in the SM Yukawa
couplings [57, 58].

In Fig. 5 we compare the most stringent constraints on the QCD axion couplings at µ = µc. As
illustrative examples we consider three distinct cases: i) only the FV vector coupling CV

sd is nonzero, ii)
only the FV axial-vector coupling CA

sd is nonzero, and iii) the combination of flavor-diagonal couplings
Cqq ⌘ N3 = CV

qq = CA

qq are all nonzero. For all three cases we show the constraints both from SN
cooling (“SN1987A”) as well as the constraints from the laboratory experiments (“Lab”). The SN cooling
constraints are due to hyperon decays (for flavor-violating cases) and from nucleon bremsstrahlung (for
the flavor-diagonal scenario). For nucleon bremsstrahlung the constraints come from observations of the
SN neutrino flux, implying that proto-neutron star (PNS) did not have effective non-standard cooling
mechanisms. The bounds from SN cooling apply for values above fa & 15 TeV, since otherwise axions
become trapped inside the PNS [114]. Note that the constraints from axion production through hyperon
decays do not have a trapping regime [96] and therefore are valid also in the large coupling (small fa)
regime. The laboratory constraints are due to the bounds on K+ ! ⇡+X for the CV

sd and Cqq cases,
and from K+ ! ⇡+⇡0X for the CA

sd case [96], using the results of the ISTRA+ experiment [119]. The
stronger constraints on KL ! ⇡0⇡0X decays from E391a [120] do not apply to the ma = 0 case.

Fig. 5 shows that NA62 searches are sensitive to the QCD axion (or more generally, a very light
invisible ALP) if it has sizable flavor-violating vector couplings. For flavor-violating axial couplings
or the flavor-diagonal case the constraints from SN1987A are instead stronger than the NA62 reach by
several orders of magnitude. This model-independent observation allows to test the way Peccei-Quinn
U(1) symmetry is embedded in the SM flavor group. In particular, if this abelian symmetry is identified
with the symmetry explaining the Yukawa textures à la Froggatt-Nielsen then the resulting QCD axion
could be probed simultaneously as DM by the cavity experiments such as ADMX and via the K+ ! ⇡+a
decays at NA62 [57, 58]. If U(1)PQ is part of a non-abelian flavor group such as U(2) [121–125] the
flavor-violating axion couplings can instead be strongly suppressed [124].

17

for light axions flavor constraints weaker than 
star cooling constraints from diagonal couplings

taken from 2201.07805

all axion UV couplings = 1 all flavor-diagonal UV couplings = 1
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Axion Dark Matter Scenarios
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Axion DM Production: Misalignment

▪ Evolution of homogenous classical scalar field in expanding universe

▪ Energy stored in oscillations behaves just like Cold Dark Matter for 

Hubble 
friction ~T2

for QCD axion 
T-dependent
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fa ↭ 108GeV
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Axion Helioscopes
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Axion Haloscopes
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