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1 Introduction

The QCD axion as a dark matter candidate has received renewed attention in the past
few years. Part of its appeal is that it was invented not for the purpose of providing
the dark matter of the universe, but rather to solve the strong CP problem by effectively
promoting the fgcp parameter to a dynamical field, that naturally relaxes to zero [1-4].
Serendipitously, it provides rich possibilities for being produced with the right abundance
to be a good cold dark matter candidate, despite its small sub-eV mass. Most minimally,
it can be produced through the misalignment mechanism, as the axion field at the onset
of its cosmological evolution is not generally located at the minimum of its potential [5—
7]. If cosmological inflation occurs at a high scale above that of Peccei-Quinn symmetry
breaking, this scenario is completely predictive and singles out a preferred value for the
QCD axion mass, thereby fixing the only continuous free parameter of the theory.

The axion is also an appealing dark matter candidate because of its prospects for direct
detection, since a certain strength of couplings to standard model particles is generically
predicted. Exploiting this, an ever-growing program of experimental searches [8], astro-
physical observations [9], and cosmological probes [10] is underway to look for this dark
matter candidate. However, the details of the interactions of the axion with the different
SM species and their relative strength are model dependent [11], which results in a large
parameter space that needs to be thoroughly tested.



The first and most minimal QCD axion model was quickly ruled out because of its
strong couplings to light quarks, leading to unacceptably large neutral current processes
like J/¥ — a7 [3, 4]. This led to the development of “invisible” axion models, in which the
couplings to light quarks were naturally suppressed. There exist two main variants: DFSZ
models [12, 13], where the axion couples to quarks and electrons; and KSVZ models [14, 15],
in which the only SM states to which the axion couples directly are gluons.

The KSVZ and DFSZ models are the main benchmarks for QCD axion dark matter
searches. In both scenarios, the standard lore is that axions couple to hadrons in a flavor-
conserving way, via the interaction with their constituent quarks and/or through the gluon
coupling. In this work, we argue that the existence of flavor-changing axion couplings
to quarks is well motivated by cosmological and model-building considerations. Given
that flavor-violating observables can test axion-hadron couplings more than three orders of
magnitude smaller than flavor-conserving ones [16], their presence offers excellent prospects
to test the QCD axion dark matter paradigm. In fact, as we will see, terrestrial high-energy
physics experiments like NA62 [17] and KOTO [18] have sensitivity to QCD axions with
masses as small as ~ 100 ueV, a range compatible with current dark matter abundance
predictions in the post-inflationary misalignment mechanism [19-22].

We start in section 2 by reviewing the cosmology of QCD axions, with emphasis on
models that naturally avoid the domain wall problem, and that of unwanted relics involving
the heavy exotic quarks of the KSVZ models. In section 3 we derive the new couplings
of axions to light quarks, induced by the mass mixing with heavy quarks, that is required
for depleting the forbidden relics. Section 4 derives constraints on the effective axion-
quark couplings from various flavor-changing rare decays, and effects of flavor-conserving
interactions on stellar evolution. In section 5 we summarize and give conclusions. Details
of mixing angle computations and their effect on unitarity of the CKM matrix are given
in the appendices.

2 QCD axion dark matter cosmology

There exist many different ways to realize the Peccei-Quinn (PQ) mechanism, which give
rise to models with different particle content and QCD axions with different properties.
However, if the QCD axion is to make up the observed dark matter of the universe, the
strict requirement of a consistent cosmological history singles out a few preferred models.

2.1 Domain wall number

Although other alternatives exist [23-31], the simplest and most predictive scenario for the
production of QCD axion dark matter is the post-inflationary misalignment mechanism [6].
In this paradigm, the U(1) PQ global symmetry is spontaneously broken at the critical
temperature Tpq ~ fpq, which is assumed to be lower than the reheating temperature of
the universe. As a consequence, the complex PQ field acquires a vacuum expectation value
(|®]) ~ fpq in the radial direction, and a phase that is uncorrelated in different causal
patches of the universe. That is, the value of the angular component of the PQ field, the
axion, is randomized on scales larger than H~(Tpq).



As the universe expands, different disconnected patches enter the causal horizon giving
rise to topologically protected configurations where the U(1) field winds around the origin of
its potential. These are global cosmic strings, which are stable as long as the PQ symmetry
remains unbroken and the angular axion degree of freedom does not have a potential. At
a temperature around the QCD phase transition, Tocp ~ Aqcp, nonperturbative QCD
effects generate a potential for the axion

Vo =~ AéCD [1 — coS <NDWfPaQ>] , (2.1)

and explicitly break the U(1) symmetry into a discrete Zn,,, group. If Npw > 1, this
symmetry breaking generates Npw inequivalent, degenerate vacua, and thus leads to the
formation of domain walls between different regions of space populating each of them. Npw
is referred to as the domain wall number of the model.

Hence, models with Npw > 1 lead to stable domain wall networks that are cosmo-
logically unacceptable, as their redshift scaling quickly leads them to dominate the energy
density of the universe. This rules out such models as viable QCD axion dark matter
scenarios. Modifications that can make the domain walls unstable can potentially rescue
Npw > 1, but they are nontrivial to successfully implement. The simplest possible solu-
tions of introducing a tilt in the axion potential that breaks the degeneracy between the
vacua [32, 33], or a bias in the initial axion field distribution [33-35], have been shown
to be problematic [36-38]. Although other possibilities have been proposed [39-44], the
constructions are far from minimal.

The potential in eq. (2.1) in models with Npw = 1 feature a single vacuum. That
said and due to the presence of cosmic strings at the time when the axion potential arises
around the QCD phase transition, domain walls form in this scenario too. However, the
Npw = 1 case is radically different because this string-domain wall network is unstable
and decays quickly after the axion potential is generated [45]. This case is therefore free of
the aforementioned cosmological problem. We conclude that only QCD axion models with
Npw = 1 are viable dark matter candidates, unless extensive modifications to the axion
theory or the cosmological history are postulated. In particular, this disfavors DFSZ-type
models,! which have Npy = 6, and restricts KSVZ-type models to contain a single exotic
quark carrying PQ charge.

2.2 Dark matter density

QCD axion models have a single continuous free parameter, the scale of PQ symmetry
breaking fpq. It is customary to define the axion decay constant as f, = fpq/Npw, so for
models without a domain wall problem f, = fpq and we can use them interchangeably.
The mass of the axion is determined by f, and can be extracted from the potential in

'One can couple the axion to a single generation of quarks to ensure Npw = 1, but in that case
flavor-violating axion couplings to quarks arise [46-48]. We leave the study of post-inflationary axion DM
possibilities in that scenario for future work.



ref. Mass [ueV] Decay constant [10'° GeV]

[19] 40 < m, < 180 32< fa< 14
[20] 500 < my fa< 11

[21] 22.8 < m, < 29.9 19.3 < f, < 25.0
[22] 80 <m, < 130 44 < f, <71

Table 1. Predictions for the QCD axion dark matter mass and decay constant from numerical
simulations of string networks. All the results are for Npw = 1 and order chronologically from
most to least recent. The bottom two results include the (subdominant) domain wall contribution
while the upper two simulations are strings-only.

eq. (2.1), leading to [49]

(2.2)

1 11
My = 5.70 X 1077 6V ( 0 Gev) .

fCL
The axion decay constant is thus the single parameter that determines the energy density
in axions produced through the misalignment mechanism. Although calculating the con-
tribution from the axion zero mode (or average initial misalignment) is straightforward,
the decay of the axion string-wall network releases a large amount of energy in the form
of mildly relativistic axions that must also be accounted for. In fact, recent calculations
agree that this contribution to the axion relic abundance dominates over the one coming
from the zero mode [19-22].

In order to determine the spectrum of axions produced from the decay of the string-
wall network, one must numerically track the evolution of the cosmic strings from their
formation at Tpq ~ fq to their decay at Toep ~ Aqep. This is an extremely challenging
problem due to the large hierarchy of scales between the size of the strings ~ H _1(TPQ)
and their typical relative separation ~ H *1(TQCD). The calculation has been done by a
number of groups using various numerical approximations and extrapolations, leading to
results in the m, = 107°— 1073 eV range, with significant dispersion [19-22]. The preferred
range of axion masses and corresponding decay constants is summarized in table 1.

Thus, the requirement of matching the observed dark matter abundance further re-
stricts the QCD axion parameter space. Current calculational efforts point to models with
a decay constant in the f, =5 x 10 — 3 x 10! GeV range.

2.3 Exotic strongly interacting relics

In order for the PQ global symmetry to be anomalous under QCD and thus solve the
strong CP problem, there must exist colored fermions chirally charged under U(1)pq, that
transmit the anomaly. If such fermions are the SM quarks, one obtains DFSZ-type models.
If the SM quarks are not charged under U(1)pq, it is necessary to introduce additional
(heavy) colored states, leading to KSVZ-type or hadronic axion models. As mentioned
above, avoiding the domain wall problem requires dark matter models to have Npy = 1,
and thus a single PQ-charged strongly interacting fermion. This rules out DFSZ models,
under which all six SM quarks are charged, so in what follows we focus on KSVZ scenarios.



Hadronic axion models with Npy = 1 feature a single pair of heavy fermions (Qr, Qr)
which are vectorlike under the SM gauge groups but are chiral under U(1)pg. They must
transform in the fundamental representation of SU(3). and be a singlet under SU(2)y, to
avoid higher multiplicity, and thus the possible different models are classified by their U(1)y
charges.

In the early universe, these heavy fermions are produced in the thermal plasma through
the strong interactions. Depending on their gauge charges, they may form stable charged
or neutral exotic hadrons whose present abundance is severely constrained by observations.
In order to avoid that, their interactions must allow a sufficiently fast decay into SM states.
The detailed analysis of ref. [50] concludes that the lifetimes < 0.01s are needed for the
heavy fermion decays to be compatible with BBN and other cosmological processes. This
can only be achieved if their U(1)y charges allows them to couple to SM states via operators
of dimension < 5, yielding another selection criterion that further shrinks the landscape of
possible QCD axion dark matter models.

2.4 Summary: viable models

To summarize, we have argued that QCD axion models must satisfy three requirements if
the axion is to constitute the dark matter:

1. They need Npw = 1 to avoid a domain wall problem.

2. Any new strongly interacting fermion requires gauge charges allowing it to couple to
SM states with operators of dimension < 5.

3. The axion decay constant must be in the range f, = 5 x 10° — 3 x 10! GeV to
reproduce the observed dark matter abundance via misalignment.

It is easy to see that these three conditions can only be simultaneously satisfied in hadronic
axion models with a single additional heavy fermion in either of the SM gauge group
representations

KSVZ—1I: (3,1, —1/3), or
KSVZ—II: (3, 1, +2/3). (2.3)

The heavy vectorlike quarks are thus required to have the same quantum numbers as the SM
down-type or up-type right-handed quarks. Since they are chirally charged under U(1)pq,
their mass must arise from their interaction with the complex PQ field. By normalizing
the PQ charge of ® to be 1, we can take? Ay = x1, — xr = 1, where X1,/R 1s the PQ charge
of Qr/r, and thus write

L2 yo®QrQr + Hee.. (2.4)

After PQ symmetry breaking, this term produces a mass for the heavy quarks mg = yg fa-
As we now argue, this is a predictive scenario that can lead to novel phenomenology due
to the interactions between the axion, the heavy ), and the SM quarks.

20ne could more generally consider Ax = k and have the mass of @ arise from a higher dimensional
operator involving ®*, but such complication does not lead to any qualitative difference.



3 Flavor-violating QCD axion dark matter

The discussion in the previous section has shown that QCD axion dark matter models nec-
essarily introduce a heavy vector-like quark with SM right-handed quark quantum numbers.
Having the same quantum numbers, mass mixing between the SM and the heavy quarks is
possible. As we argue next, mass mixing is in fact unavoidably induced by the operators
necessary for () decay.

Let us consider the example of KSVZ-I; the case of KSVZ-II is completely analogous
under the exchanges ugr <+ dr, H <> H. Depending on the PQ charge assignment of the
two chiral components of (), four distinct operators of dimension d < 4 are possible:

0y = MyQLdr, for (xz, xr) = (0, —1),

01 = y1aHdLQr, for (xz, xr) = (1, 0),

OF = y2.49Qrdr, for (xr, xr) = (1, 0),

O = y3 481 Qrdp, for (xz, Yg) = (—1, —2). (3.1)

Here, y, q represents Yukawa couplings of quarks with flavor d = d, s,b. At dimension 5,
additional operators are possible,

A _
o~ M50, o 00 ) = (0,1
O|¢.‘ . Agl q) 2 A —
5= X‘ ’ Qrdg, for (XL; XR) - (07 _1)’
A _
O5H = Xd(PHdLQRa for (XLa XR) = (07 _1)7
A _
05 = %dq)QQLdR, for  (xz, xr) = (2, 1),
A 2
(’)g)T = %d (Q)T) QLdR7 for (X[n XR) = (_27 _3)7 (32)

where ), 4 are dimensionless couplings and A is a dimensionful scale. However, after
symmetry breaking, their phenomenology is equivalent to the dimension-4 operators upon
substituting Av?/A — M and N f2/A — M for the first two, or Af,/A — y for the latter
three. The only relevant distinction arises from the different PQ) charge assignments, as we
will see. For simplicity, in what follows we use the notation of the dimension-4 operators but
while noting that our results equally apply to the dimension-5 ones with the aforementioned
substitutions.

In the absence of a flavor symmetry, operators involving any of the three generations
of SM quarks are possible, and thus the Yukawa couplings y and the mass parameter M
should be understood as vectors in flavor space. After the Higgs and PQ scalar fields acquire
VEVs, all four operators induce mass mixing between the heavy and the SM quarks. We
will show that this mixing can lead to flavor-violating axion-SM quark couplings.

Consider first the case of OF; the Of operator is completely analogous, as is O},
after the replacement y2 4 — M. For simplicity, we assume the ys 4 couplings to be defined
in the mass basis of SM quarks, after the unitary rotation associated with the CKM matrix



has been performed. After spontaneous breaking of the PQ symmetry, the following 4 x 4
mass matrix arises:

mq 0 0 0 dR
0 Mg 0 0 SR
0 0 myg 0 bR
Y2.dfa Y2,5fa Y2pfa mq) \Qr
where my = yqv, with v = 174 GeV being the complex Higgs VEV. The PQ VEV for
Npw = 1 models is given by f, = fpq. Recall that the heavy quarks obtain their masses

(CiL Sy, BL QL> ) (3'3)

at the scale of f,, and we can thus write mg = yq f, following eq. (2.4). The axion phase
in the mass matrix in eq. (3.3) has been removed by an appropriate (anomalous) chiral
rotation of the (Qr, @Qr) field.

Assuming that mg < mq, y2,4fa, Wwe diagonalize the system perturbatively using uni-
tary matrices Uy, and Ug such that UEMMTUL =A% = U;QLMTMUR. The mass eigenval-

ues are

Ao =mg+ > ysafe, (3.4)
d
2 2
y27dfa
N=m? <1 - ) : (3.5)
Q

to leading order in the mg4/m¢g expansion. The light quark masses are therefore scaled
by a flavor-dependent factor < 1. It will be shown that observational constraints require
this correction to be small, implying ys qf./mg < 1. We thus henceforth assume that
ma <K y2.4fa K mg to simplify the analytic expressions.

The mixings of the left- and right-handed fields, respectively, are given by

drr\ _ [ cos GgQR sin Hg{lR dr/r 16
p = . L/R T/R ; (3.6)
L/R —sinfg;" cosfyy Qr/r

with the mixing angles

L mq y;dfa
tan 29Qd ~ *2T22, (37)
m *
R Q y2,dfa

Before mixing but after performing the chiral rotation to remove the axion phase from
the mass matrix, the axion only interacts with the heavy quark via
LD —2; dua (XLQL'Y”QL + XRQR’Y”QR) : (3.9)
a
Recall that the PQ charge assignments of the left- and right-handed @ components are
different for each of the OF, (’)ZF, and O} operators and their dimension 5 counterparts.
After mixing, eq. (3.9) becomes

LS _Q;Q Iua [XL (CYL QL) Car" (éi) +Xr (Q_R QR) Caiyt <321;>1 . (3.10)
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Figure 1. ¢ — ¢’ contribution from off-diagonal Higgs coupling.

The 4 x4 matrices C'aL /R describing the axion couplings are in general nondiagonal, meaning
that there exist flavor-violating interactions between the axion and the down-type SM
quarks. The elements of C, involving SM quarks are

* 2
MdMa'Ya q Yo, 4/ fa

(C8)aar = i : (3.11)
Q
* 2
(Cf)dd’ ~ y2,d y22,d’ fa ' (3‘12)
mq

Perturbative unitarity requires that f,/mqg = 1/yg 2 \/3/(8) [51]. Unless @ mixes with
just a single quark flavor, the axion has flavor-violating couplings, which are suppressed by
m3/ mé if only the left-handed exotic quark carries PQ charge, but they can be sizable if
Xr # 0. Among the possible PQ charge assignments listed in egs. (3.1) and (3.2), only one
has xr = 0. Thus, for all the other models, low-energy flavor-violating axion couplings to
quarks can be significant.

Following a similar procedure for the O} operator, the induced mass matrix is

mq 0 0 Y1,av dR

T - 7 A 0 mg 0 y15v SR

d b ’ 3.13
( L 5L br QL) 00 myyisv || br (3.13)

0 0 0 mg/ \Qr

Assuming that mg, y1 qv < mg, the eigenvalues of the squared mass matrix are

2 2
Y1,qv
2 _ 2 :
/\—md<1— 2 ),
Q

2 2 Y1 v
Ap=my ([ 1+ =5, (3.14)
d

2
mq

to leading order in the mg/mg expansion. The axion couplings to the SM quarks can be
extracted as in the previous case, leading to

2
yidyl,dfv
(CHawr = ——=5—, (3.15)
mQ
2
mdmd/yfdyl,dfv
(Co)aar = 4 : (3.16)
e



=

’

IR I

Figure 2. Four-quark flavor-violating operator induced by Higgs exchange.

These couplings and the shifts in the SM quark masses are further suppressed in this case
by the small ratio v?/f2. Therefore the O and (’)é{ operators do not lead to any significant
effects and we neglect them in the following analysis.

4 Flavor phenomenology

As discussed above, the mass mixing between the heavy @ and the SM quarks introduces
flavor-violating axion couplings at low energies. Thus we expect that processes like the
decay K — ma may provide strong contraints on the QCD axion. In addition, the models
under consideration induce other flavor-violating processes not involving the axion, and
therefore independent of f,, that we study first.

4.1 Flavor-violating Higgs couplings

Mixing with the heavy quark @ gives rise to new contributions to the SM quark mass
matrix that are not associated with the Higgs mechanism. Thus, unless the heavy quark
mixes with a single light mass eigenstate, flavor-violating couplings of the Higgs boson
to the SM quarks arise. For example, in the model of eq. (3.3) (KSVZ-I representation
and OF operator), the mixing angles for the light left- and right-handed quarks amongst
themselves take the form® (see appendix A)

2
mgmg y;’dyzd/ fa

L ~Y
edd’ — mgz — m?l/ m% ) (4'1)
2
9R ~ mg y;’dyld/fa (4 2)
dd! = m2 _ m2 m2 . .
d d’ Q

While the left-handed mixing of light quarks is unitary to leading order in the mg/mg ex-
pansion, that of the right-handed quarks is not. Right-handed quarks can mix significantly
with the heavy @ state, and deviations from unitarity are only suppressed by (2 4fa/mq)>.
This has no impact on unitarity of the CKM matrix, which is determined solely by the
left-handed mixing.

The new contributions to flavor mixing generate off-diagonal Higgs couplings

yHdpdg+ H.c. — [08y + y0%) g0 Hdpd, + Hee.
=~ ya (Ci)aa H dr, dp + Hec., (4.3)

3The KSVZ-IT models induce an analogous mixing between the up-type quarks.



Ca,Co [TeV]™2  Cy[TeV] 2 (C) g
ReCk (sd)  7.9x107%  1.6x107% 4.1 x 1072
ImCy (sd) 21x107H  45x10712 21 x1073
|Cp,| (bd) 28x 1077 88x107% 55x1073
|CBg.| (bs) 3.1x 1076 1.0 x 1075 1.8 x 1072
ImCp (cu)  1.7x107°  45x10710 14x1073
t — hj (tu) — — 9.5 x 1072
t — hj (tc) — — 9.1 x 1072

Table 2. 95% CL on the coefficients (C£),, from flavor-violating quark-Higgs couplings. The
first five rows show the limits on the Wilson coefficients of the effective Hamiltonian eq. (4.6), as
calculated in [52], with the derived bound on the flavor-violating axion coupling in the rightmost
column. The bottom lines show bounds on the top quark couplings arising from ¢ — hu and t — hc
decays constrained by the ATLAS search [53].

fa[GeV] _ fa[GeV]
. 1012 101 1010 10° 108 107 . 1012 101 1010 10°
10 N ‘ SO ‘ 10 ‘ ‘ ‘ <
\\?\‘7/\\ \*\ \’J/,; \‘,),\ t—h+u
1 \\x'/ \\ % ><,/ _1lt—=h+c
10 e o @ 10
Csp
=< 107%{¢,, <1072
S Im Ok %@ ImCp
— 1073 =10
104 sd ’ 1074 cu
— bd Q= Qput N tu Q0 = Qput
10-5 s (misalignment) SN1987;\\ 10-5 te (misalignment) SN1987a
106 10-° 1074 1073 1072 107! 10° 10-6 10-° 1074 1073 1072 1071 10°
mg [eV] mg [eV]

Figure 3. Existing limits and projected sensitivities of searches in the m, (or f,) vs C¥ parameter
space, for down-type quarks (left) and up-type quarks (right). Different colors represent different
flavor combinations. Horizontal bounds arise from flavor-violating Higgs couplings (this work; see
table 2), and oblique ones correspond to flavor-violating meson decays involving the axion (dashed
lines show future projections) [16]. The region where the QCD axion can make up the observed
dark matter abundance [19-22] is white (see table 1), while the red shading shows the limit from
SN1987a on the axion-gluon coupling [54].

where H = h/+/2 is the complex Higgs field and y denotes the SM Yukawa coupling matrix
in the mass basis. In the second line of eq. (4.3) we have rewritten the Higgs couplings in
terms of (C?) 44 using eq. (3.12). This expression is valid as long as phases can be ignored.
Flavor changing neutral current processes constrain the (C) g4 coefficients, which encode
the flavor-violating couplings of the axion.

First, these couplings can induce radiative ¢ — ¢’ + v quark decays via the one-loop
process shown in figure 1. Considering the b — s + v transition, for which the partonic

~10 -



calculation is a good approximation, the transition magnetic moment is of order

ey2 (CEYpmy

4.4
32m2m3 (4:4)

Hbs ~
where we have neglected the contribution proportional to ys < y,. To obtain a limit, we
match this to the corresponding operator in the expansion of ref. [55], finding a Wilson
coeflicient o R

Yo (Ca )bS
42 G pm2 Vy Vit
New physics contributions are bounded by [6C7| < 0.04 at 95% CL [55], hence this gives
the constraint (CF),, < 3. Since this is significantly weaker than the limit from B, mixing

0C7 =

>~ 0.014 (CR),, . (4.5)

(see below), we do not attempt to refine the estimate here.

For the analogous transition s — d, the decay K — m 4 + does not arise since the
hadronic matrix element of the dipole operator vanishes for on-shell photons. Instead one
can consider the decay Kg — mYe*e™. Using methodology of ref. [56] (section 7.7), this
results in the weak constraint (CF)4, < 60. Similarly one can estimate that Im(C®)4, < 20
from the CP-violating decay Kj — nlete™

Off-diagonal Higgs couplings also induce flavor-changing neutral currents at tree level
via the diagram shown in figure 2. As shown in ref. [57], integrating out the Higgs leads
to the effective Hamiltonian

Het = C (qpqr)? + C27 (Thqr)? + CI7 (Thqr) (Thar) , (4.6)

which can be applied to KY, B?, B? and D° meson mixing. The full operator basis is
defined in ref. [58]. The Wilson coefficients in our model can be expressed as

c ()
G5t ==~ (CR)qq, (4.7)
A =i %<03>qq7 (19)
r gy
C1' =~ Clla. (49)

in terms of the flavor-violating right-handed axion couplings in eq. (3.12). The combined
fit to all relevant experimental data performed in ref. [58] (see latest update in ref. [52])
can be used to extract limits on the model parameters, and directly on the C? coefficients.
The 95% CL limits on the relevant Wilson coefficients are shown in table 2

The strongest limits on flavor-violating Higgs couplings involving the top quark come
from their loop contirbution to the neutron electric dipole moment [59]. However, in
our model they apply to the product |Im(y; v, (CF)s,(CH).yt)| which vanishes given that
(CE)y, = (CI)z,s see eq. (3.12). In their absence, the leading bounds come from t — gh

top decays [60]. The rate is given by [57]

Vel (Cadigl® (m — mj)?
64 m} ’

T(t — hq) = (4.10)

- 11 -



neglecting the light (¢ = ¢, u) quark masses. Using the most recent experimental constraints
Bt — hu) < 1.2x 1073 and B(t — he) < 1.1 x 1073 [53] at 95% CL, we obtain the limits
shown in the lower two columns of table 2.
4.2 Flavor-violating axion couplings
The interactions between the axion and the SM fermions can be written in full generality as
O

2fq

where f; stands for any lepton or quark species and the axial and vector couplings C?;}; are

£ S fit (e, + ¢Gipe) i (4.11)

hermitian matrices in flavor space. For the QCD axion dark matter models under study,
the only sizable couplings are those to right-handed quarks,

1
A
C}I/Q' = Cq T §XR(Cf)qq’§ (4.12)

see eq. (3.12). The bounds on the different flavor combinations of the couplings in eq. (4.11)
were exhaustively studied in ref. [16], and we base our analysis on those results.
Off-diagonal couplings (¢ # ¢'), can most sensitively be probed using flavor-violating

hadron decays. The limits on c}]/q, arise from two-body charged meson decays and are

A
qq’
flavor combinations is c;/d /fa <3x10712GeV™L, coming from charged kaon decays, K+ —

7t +a, as constrained by the E949 experiment [61]. The first run of the NA62 experiment
achieved a marginally weaker sensitivity [62], and the limit is expected to improve by up

typically stronger than those on ¢ At present, the most stringent limit out of all the

to a factor of two in the second run. In the neutral kaon version of the decay, K —
70 + a, the KOTO experiment is expected to achieve comparable, but somewhat weaker,
sensitivity [63]. Charged D and B meson decays [64—66] lead to comparatively weaker
bounds on the bs, bd, and cu flavor combinations. The fu and tc couplings can only be
constrained through their loop-level contribution to the aforementioned decays, leading to
bounds with large theoretical uncertainty. Ref. [16] gives a detailed discussion of all the
limits summarized above.

Flavor-conserving couplings are best tested through their impact on stellar cooling
processes. In particular, axion emission from supernovae is sensitive to an effective coupling
to nucleons as described in ref. [54]. The nucleon coupling can be related to the axion-
gluon and the different cg‘q flavors by matching to the chiral Lagrangian and taking into
account QCD running effects [16, 48, 49]. If all cg‘q, < 0.1, the model-independent gluon
contribution alone dominates in the effective nucleon coupling. In this limit, the duration
of the neutrino burst from SN1987a results in a limit f, < 1.4 x 108 GeV [54].

The results adapted to the parameter space of the QCD axion models under study
are presented in figure 3, in terms of the axion mass (or, equivalently, its decay constant)
and the absolute value of the CF coefficients. The left panel shows the limits on down-
type quark couplings, while the right one presents those on up-type ones. Different colors
correspond to different flavor combinations and should be read independently of each other
in the absence of any assumption regarding the flavor structure of the operators in egs. (3.1)
and (3.2).
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Being independent of f,, the limits on the flavor-violating Higgs couplings appear as
horizontal lines. For the limits that are sensitive to the phase of Cf, we show the two
extreme cases corresponding to real and complex couplings, enforcing only the weakest one
on |CI|. Conversely, the (flavor conserving) SN1987a limit acts on f, independently of C[?
for the values CF < 0.1 of interest.

The rare meson (or top quark) decays constrain the combination CF/f,. Current
bounds are denoted by solid lines and shaded colors, while projections are shown with
dashed lines. Out of all the flavor variations, figure 3 demonstrates that only for sd can the
bounds on flavor-violating axion couplings access otherwise untested regions of parameter
space. However, for that flavor combination, searches for K — 7 + a decay are sensitive
tests of the minimal KSVZ-I QCD axion dark matter model. Saturating the limit on
(CE).q, NA62 will probe QCD axion masses as low as ~ 100 ueV, well into the range of
current dark matter predictions.

To put our results into perspective, figure 4 compares this reach with that of experi-
ments looking for dark matter axions through their two-photon interaction with strength
Gayy = Cayy0em/(27f,). The yellow band in this figure shows the range of photon cou-
plings populated by KSVZ and DFSZ models [50, 67], and the red and orange lines show
the values of C,,~ for the two dark-matter-compatible constructions KSVZ-I and KSVZ-II.
The flavor-violating axion couplings to quarks that arise in these two scenarios are indepen-
dent of the axion-photon coupling, and thus the rare-decay limits apply directly to f, (or
mg). The corresponding reach of existing and projected searches is represented by different
line styles for the most sensitive flavor combination in each case, and saturating the limits
on CE.

Figure 4 highlights that, while no existing dedicated axion experiment or astrophysical
observation has reached the KSVZ-I and -II lines in the 10 ueV < mg < 103 eV region,
rare kaon decay experiments will soon be sensitive to axion masses as small as 100 peV.
Interestingly, searches for flavor-violating axion couplings can more easily test the higher
range of QCD axion dark matter masses, which is the most challenging one for axion
haloscope experiments due to the required cavity volumes becoming too small. Therefore,
our study constitutes a way to test the QCD axion dark matter parameter space that is
complementary to existing direct detection efforts.

5 Summary and conclusions

Hadronic axions provide an elegant solution to the strong CP problem, while also providing
an explanation for the dark matter of the universe. In striking contrast to other axion
models, the KSVZ framework can avoid the domain wall problem of early cosmology. An
essential ingredient of these constructions is a heavy vectorlike quark @, which would
constitute a dangerous stable relic in its absence of couplings to the light quarks. These
new interactions are only possible in two concrete realizations of the KSVZ scenario, here
denoted as KSVZ-I and KSVZ-II, which unavoidably lead to mass mixing between the
heavy @@ and the SM quarks. Ultimately, this induces chiral interactions of the axion
with the light quarks. In this work, we have studied the low-energy phenomenology of
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Figure 4. Axion mass/decay constant versus photon coupling. QCD axion models lie in the
yellow band, with the two cosmologically viable models shown in red (KSVZ-I) and orange (KSVZ-
II); see eq. (2.3). The solid and dashed parts of these lines respectively show the current and
projected sensitivity of searches for flavor-violating axion couplings. The region where the QCD
axion can make up the observed dark matter abundance is unshaded (see table 1) [19-22] Also shown
are various other constraints arising from terrestrial experiments [68-78] (blue) and astrophysical
observations [79, 80] (green).

these generally flavor-violating interactions. Our main conclusion is that rare meson decay
experiments have sensitivity to dark matter axions in the post-inflationary misalignment

scenario, as can be seen in figure 4.

After diagonalizing the quark squared-mass matrix, the axion is found to couple deriva-
tively to the SM quarks with strength Cyy/ fa, for potentially off-diagonal interactions with
flavors ¢ and ¢’. However, the mass mixing also induces dimension-4 flavor-violating cou-
plings of the Higgs boson to ¢¢’. The interaction strength is proportional to Cy,, allowing
us to constrain this parameter independently of f,. The strongest constraints arise from
rare decays such as t — hc, hu and through its effect on meson-antimeson oscillations.
Figure 3 shows the corresponding limits and their interplay with the ones involving the
axion couplings.

Out of all the possible flavor variations, the coupling to the sd combination is found to
be most promising. Experiments like NA62 and KOTO are projected to reach an exquisite
precision in the branching ratio for the K — 7 4 a rare decay (in its charged and neutral
versions, respectively). As an example, NA62 will be sensitive to KSVZ-I QCD axions with
masses as small as 100 geV. This is well inside the 10 — 10 yeVregion that state-of-the-art
calculations indentify as preferred for axions that could make up the dark matter of the
universe in the post-inflationary misalignment mechanism. Excitingly, the NA62 successor
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at CERN is expected to improve the sensitivity to the K — 7 + a branching ratio by at
least another factor of two [63], and thus probe even lighter QCD axions.
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A Quark mixing angles

Here we give details of the computation of the mixing angles between light and heavy
quarks, as well as the light ones amongst themselves. Let M be the mass matrix in

eq. (3.3), in block form,
mg 0
M = Al
<YT mQ) ’ (A1)
where Y; = y2;fs and mg can be considered as diagonal. For the right-handed mixing

angles, we are interested in the matrix
~ 2 *
Y
Aﬂﬂ{:( Ma QS ), (A.2)
mqY mg

where mg = mfl +Y*YT. This can be block-diagonalized via UTMTMU with the unitary
transformation (up to terms of O(e?))
1— Leef €
U= 2 A3
( —ef 11— %eTe ’ (A:3)
where
€= mQ(mQQ — mfl)*lY* . (A.4)
Notice that at this step, the term —ee' /2 already gives a contribution to the light quark

mixing. There is a further contribution from completing the diagonalization in the upper
3 x 3 block. One finds that

A
UUﬁMUg( %), (A.5)
0 mg,
where the upper 3 x 3 block is
1 *k

plus terms higher order in ¢ and mg /m2Q A can be perturbatively diagonalized to find
the extra contribution to the right-handed mixing angles. The total mixing angle takes
the form

I

1 m2+m2\ Y Yy
05, —2G+ 4 g)dj
2 *
my Yd Yd’
= 2 2 2 ) (A?)
md — md/ mQ

to leading order in e.
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For the left-handed light quark mixing, we diagonalize M M. The partial diagonaliza-
tion to remove the mixing with () generates a subdominant contribution to the light quark
mixing, and an addition to the light quark mass matrix of the form

2 mim;Y;'Y;

d (m2Q + YTY*) ) (AS)

m3 —m

where my is diagonal. Perturbatively diagonalizing the extra contribution leads to eq. (4.1).
In the foregoing derivation of the mixing angles, the step of integrating out the heavy
@ introduces a loss of unitarity in the CKM matrix,

1 1
viv — (1 — eeT) viy <1 — eeT)
2 2
= 1—cel (A.9)
where

mé + YTy

€ =

(A.10)

for the left-handed quark mixing.
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