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The QCD Axion

★ Motivated by strong CP Problem & Vanilla Dark Matter candidate

couplings mass ⇠ 1/fa
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⇠ m2
⇡/fa
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★ Single scale controls interactions and mass

practically massless and stable

✴ Astrophysics (star cooling via axion emission)

✴ Flavor physics (rare decays with missing energy)

✴ Microwave cavities (conversion to photons)

(need fa > 107GeV () ma < 1eV
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)

★ Can be searched for with

(for heavy >MeV Axions/ALPS @BELLE II see 1709.00009)

https://arxiv.org/abs/1709.00009
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Flavor-violating Axion Couplings
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are present already at tree level. This is the case,
for instance, in generalized DFSZ-type models with
generation dependent PQ charges [39–43], which can
also allow to suppress the axion couplings to nucle-
ons [44–46]. Particularly motivated scenarios, which
lead to flavor violating axion couplings at tree level,
arise when the PQ symmetry is part of a flavor
group that shapes the structure of the yukawa sec-
tor [31, 47]. The PQ symmetry could enforce texture
zeros in the Yukawa matrices [48–50], or be respon-
sible for their hierarchical structure à la Froggatt-
Nielsen (FN) [51]. While in the simplest scenario
PQ and FN symmetries are identified [52–54], PQ
could also be a subgroup of a larger flavor symmetry,
see e.g. Refs. [55–64]. Finally, flavored PQ symme-
tries can arise also in the context of Minimal Fla-
vor Violation [65, 66] or as accidental symmetries in
models with gauged flavor symmetries [67–70].
In our analysis we remain, for the most part, ag-

nostic about the origin of the flavor and chiral struc-
ture of axion couplings to SM fermions, and sim-
ply treat axion couplings to fermions as independent
parameters in an e↵ective Lagrangain. For related
studies of axion-like particles with flavor violating
couplings, see [71–73] (for loop induced transitions
see [74–81]). We restrict the analysis to the case of
the (practically) massless QCD axion, but our re-
sults can be repurposed for any other light scalar or
pseudoscalar with flavor violating couplings to the
SM fermions, as long as the mass of the (pseudo-
)scalar is much smaller than the typical energy re-
lease in the flavor transition.
The paper is structured as follows. In Section II

we introduce our notation for the axion couplings
to fermions and comment on their flavor structure.
In Section III we derive the bounds on these cou-
plings from two-body and three-body meson decays,
from baryon decays and from baryon transitions in
supernovae. Section IV contains bounds from mix-
ing of neutral mesons, Section V reviews bounds on
flavor-diagonal couplings, and Section VI discusses
axion couplings involving the top quark. Finally,
in Section VII we present the results and experi-
mental projections. Details about renormalization
of e↵ective axion couplings, experimental recasts of
two-body meson decays and hadronic inputs are de-
ferred to the Appendix.

II. AXION COUPLINGS TO FERMIONS

The Lagrangian describing the most general inter-
actions of the axion with the SM fermions is given
by 1 (see also Appendix A)

Laff =
@µa

2fa
f
i
�µ

�
cV
fifj

+ cA
fifj

�5
�
fj , (1)

1
Note that diagonal vector couplings are unphysical up to

electroweak anomaly terms, which are irrelevant for the

purpose of this paper.

where fa is the axion decay constant, cV,A
fifj

are her-
mitian matrices in flavor space, and the sum over
repeated generational indices, i, j = 1, 2, 3, is im-
plied. For future convenience we define e↵ective de-
cay constants as

FV,A

fifj
⌘

2fa

cV,A
fifj

. (2)

In general FV,A

fifj
, i 6= j, are complex, with

�
FV,A

fifj

�⇤
=

FV,A

fjfi
. Throughout the paper we take a to be the

QCD axion, so that its mass is inversely propor-
tional to fa [82],

ma = 5.691(51)µeV

✓
1012 GeV

fa

◆
. (3)

For the “invisible” axion the decay constant is fa �

106 GeV [83], in which case the axion is much lighter
than an eV and essentially decoupled from the SM.
We will always be working in this limit, so that in
the flavor transitions the axion can be taken as mass-
less for all practical purposes.

In this mass range the axion has a lifetime that
is larger than the age of the universe, and there-
fore is a suitable DM candidate. If the PQ symme-
try is broken before inflation, axions are produced
near the QCD phase transition and yield the ob-
served DM abundance for axion decay constants of
the order fa ⇠ (1011 ÷ 1013)GeV [13–15], assum-
ing natural values of the misalignment angle. Other
production mechanisms, e.g., via parametric reso-
nance, allow for axion DM also for smaller decay
constants, down to fa ⇠ 108 GeV [84]. We will see
below that precision flavor experiments are able to
test this most interesting region of the QCD axion
parameter space.

The axion couplings to the SM fermions in the
mass basis, cV

fifj
and cA

fifj
, are related to the PQ

charge matrices in the flavor basis, Xf , through

cV,A
fifj

=
1

2N

⇣
V †
fR

XfRVfR ± V †
fL
XqLVfL

⌘

ij

, (4)

where N is the QCD anomaly coe�cient of the
PQ symmetry. The unitary rotations VfL,fR diag-
onalize the appropriate SM fermion yukawa matri-
ces, V †

fL
yfVfR = ydiag

f
, for the “up” and “down”

quark flavors, f = u, d. We focus on axion cou-
plings to quarks, and refer the reader to Ref. [85]
for present and future prospects for testing lepton
flavor violating axion couplings. O↵-diagonal cou-
plings arise whenever PQ charges, XqL , XfR , are not
diagonal in the same basis as the yukawa matrices,
yf . Their sizes depend on the misalignment between
the two bases, parametrized by the unitary rotations
VfL , VfR (taking XqL , XfR to be diagonal).

Very di↵erent flavor textures of cV,A
fifj

are possible.
Provided a suitable set of PQ charges and appropri-
ate flavor structures of the SM yukawa matrices, it
is possible for just a single o↵-diagonal coupling to
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Most general axion couplings to fermions are flavor-violating
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present whenever axion sector has new sources of flavor violation

✦  2-body meson decays
⇤ ! na,⇤b ! na, . . .
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Need to constrain 8 independent flavor-violating quark couplings (w/o tops)

✦  2-body baryon decays
✦  Neutral meson mixing

K ! ⇡a,B ! Ka,D ! ⇡a,B ! K⇤a, . . .
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typically much less constraining than meson decays!

possibly connected to origin of SM flavor hierarchies, Wilczek ’82

Same signature as SM decays with final state neutrinos K ! ⇡⌫⌫, B ! K⌫⌫, . . .
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in 2-body region = vanishing invariant mass of neutrino pair 



Can recast experimental data for neutrino pairs in 2-body region

K+ ! ⇡+a
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✦ took BaBar data to get bounds for 

Experimental bounds often old/non-existent
e.g. no bound in literature on D+ ! ⇡+a,B ! K⇤a,B ! ⇢a
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✦ best data on B-decays from Belle, but don’t allow for 2-body recast
e.g. in 1303.3719 2-body region cut out to reject bg from radiative decays

CLEOBNL

4

Decay sd cu bd bs

BR(P1 ! P2 + a) 7.3⇥ 10�11 [85] no analysis 4.9⇥ 10�5 [86] 4.9⇥ 10�5 [86]
BR(P1 ! P2 + a)recast no need 8.0⇥ 10�6 [87] 2.3⇥ 10�5 [88] 7.1⇥ 10�6 [89]
BR(P1 ! P2 + ⌫⌫) 1.47+1.30

�0.89 ⇥ 10�10 [85] no analysis 0.8⇥ 10�5 [90] 1.6⇥ 10�5 [90]

BR(P1 ! V2 + a) 3.8⇥ 10�5 [91] no analysis no analysis no analysis
BR(P1 ! V2 + a)recast no need no data no data 5.3⇥ 10�5 [89]
BR(P1 ! V2 + ⌫⌫) 4.3⇥ 10�5 [91] no analysis 2.8⇥ 10�5 [90] 2.7⇥ 10�5 [90]

TABLE I. Experimental inputs for meson decays, see text for details. We show the 90% CL upper bounds on the
branching ratios of a pseudo-scalar meson P1 to another pseudo-scalar (P2) or vector (V2) meson (for sd transitions
V2 = ⇡⇡ instead). The bounds shown are for decays to neutrinos or massless invisible axions. In the latter case we
also show our bounds obtained by recasting related searches for invisible decays (subscript ”recast”).

Xinv = ⌫⌫, a, searches. One could also search for a
c ! ua signal in Ds ! Ka, Ds ! K⇤a decays, all
of which could be performed at Belle II and BESIII.
Potentially, LHCb could also probe these couplings
using decay chains, such as B�

! D0⇡� followed
by D0

! ⇢0a, which results in three charged pi-
ons + MET and two displaced vertices. The lack
of such analyses means that there is at present no
bound from meson decays on axial cu couplings to
the axion. Similarly, there is at present no pub-
licly available experimental analysis that bounds
the B ! ⇢a decays (as discussed above, one can-
not readily use for that purpose the B ! ⇢⌫⌫
Belle data from Ref. [90], while BaBar has not
performed such an analysis). Finally, our recast
bounds on B ! K(⇤)a,B ! ⇡a could be easily
improved by dedicated experimental searches using
already collected data. At LHCb one could mea-
sure the B ! K⇤a and B ! ⇢a branching ratios

using the decay chains such as B
0⇤⇤
s

! K+B� or

B
0⇤⇤

! ⇡+B� followed by B�
! K⇤�(! KS⇡�)a,

or B
0⇤⇤
s

! KSB
0
followed by B

0
! K

⇤0
a, ⇢0a

[101]. One could also attempt more challenging de-
cay chain measurements such asB⇤

s
! Bs�, followed

by Bs ! �a or Bs ! K⇤a.
We now convert the bounds on the branching ra-

tios in Table I to bounds on flavor violating cou-
plings of axions to quarks, Eqs. (1), (2). The corre-
sponding partial decay widths are given by

� = 12

8
<

:

f+(0)2

|FV
ij |2

, P1 ! P2a

A0(0)
2

|FA
ij |2

, P1 ! V2a
(5)

with the kinematic prefactor

12 =
M3

1

16⇡

✓
1�

M2
2

M2
1

◆3

, (6)

where M1 (M2) is the mass of the parent (daughter)
meson. Since KL ! ⇡0a decay is CP violating, the
partial decay width in that case is given by

�KL!⇡0a = 12f+(0)
2
⇥
Im (1/FV

sd
)
⇤2
, (7)

and thus vanishes in the CP conserving limit,
ImFV

sd
= 0, cf. Eq. (2). The KL ! ⇡0a and K+

!

⇡+a decay rates obey the Grossman-Nir bound
BR(KL ! ⇡0a)  4.3BR(K+

! ⇡+a) [102, 103].
The form factors f+(q2) and A0(q2) are defined

in Appendix C, where we also collect the numerical
values used as inputs in the numerical analysis. The
resulting bounds on axion couplings FV,A

ij
are shown

in Tab. III. The implications of these results and
future projections will be discussed in Sec. VII.

B. Bounds from three-body meson decays

The E787 experiment at Brookhaven performed a
search for the three-body K+

! ⇡0⇡+a decay me-
diated by the s ! da transition, and set the bound
BR(K+

! ⇡0⇡+a)  3.8 ⇥ 10�5 at 90% CL [91].
The related decay mode KL ! ⇡0⇡0a has also been
searched for, resulting in the upper limit for light
massive axions BR(KL ! ⇡0⇡0a) . 0.7⇥10�6 [104].
However, this analysis excluded the ma = 0 kine-
matic region and is thus not applicable to the case
of the QCD axion [105]. Other decay modes such as
KL ! ⇡+⇡�a or those involving the decays of KS

have not been investigated experimentally.
Parity conservation implies that the K ! ⇡⇡a

decays are sensitive only to the axial-vector cou-
plings of the axion to quarks (see Appendix C). The
form factors entering the predictions are related via
isospin symmetry to the form factors measured in
K+

! ⇡+⇡�e+⌫ [106–109], making precise predic-
tions for K ! ⇡⇡a decay rates possible. The two
final state pions can be only in the total isospin
I = 0 or the I = 1 state, since the s ! da La-
grangian is |�I| = 1/2, while the initial kaon is part
of an isodoublet. Bose symmetry demands the de-
cay amplitude to be symmetric with respect to the
exchange of the two pions. The I = 0 (I = 1) am-
plitude is even (odd) under this permutation. The
form factors must therefore enter in combinations
which are even (odd) with respect to the exchange
of pion momenta, p⇡1 $ p⇡2 . The two pions in the
decay K0

! ⇡0⇡0a (K+
! ⇡+⇡0a) are in a pure

I = 0 (I = 1) state and one obtains,

d�(KL ! ⇡0⇡0a)

ds
=

⇥
Re (1/FA

sd
)
⇤2 (m2

K0 � s)3

1024⇡3m5
K

�F 2
s
,

(8)

/ CA
ij
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Can recast experimental data for neutrino pairs in 2-body region
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CLEOBNL

4

Decay sd cu bd bs

BR(P1 ! P2 + a) 7.3⇥ 10�11 [85] no analysis 4.9⇥ 10�5 [86] 4.9⇥ 10�5 [86]
BR(P1 ! P2 + a)recast no need 8.0⇥ 10�6 [87] 2.3⇥ 10�5 [88] 7.1⇥ 10�6 [89]
BR(P1 ! P2 + ⌫⌫) 1.47+1.30

�0.89 ⇥ 10�10 [85] no analysis 0.8⇥ 10�5 [90] 1.6⇥ 10�5 [90]

BR(P1 ! V2 + a) 3.8⇥ 10�5 [91] no analysis no analysis no analysis
BR(P1 ! V2 + a)recast no need no data no data 5.3⇥ 10�5 [89]
BR(P1 ! V2 + ⌫⌫) 4.3⇥ 10�5 [91] no analysis 2.8⇥ 10�5 [90] 2.7⇥ 10�5 [90]

TABLE I. Experimental inputs for meson decays, see text for details. We show the 90% CL upper bounds on the
branching ratios of a pseudo-scalar meson P1 to another pseudo-scalar (P2) or vector (V2) meson (for sd transitions
V2 = ⇡⇡ instead). The bounds shown are for decays to neutrinos or massless invisible axions. In the latter case we
also show our bounds obtained by recasting related searches for invisible decays (subscript ”recast”).

Xinv = ⌫⌫, a, searches. One could also search for a
c ! ua signal in Ds ! Ka, Ds ! K⇤a decays, all
of which could be performed at Belle II and BESIII.
Potentially, LHCb could also probe these couplings
using decay chains, such as B�

! D0⇡� followed
by D0

! ⇢0a, which results in three charged pi-
ons + MET and two displaced vertices. The lack
of such analyses means that there is at present no
bound from meson decays on axial cu couplings to
the axion. Similarly, there is at present no pub-
licly available experimental analysis that bounds
the B ! ⇢a decays (as discussed above, one can-
not readily use for that purpose the B ! ⇢⌫⌫
Belle data from Ref. [90], while BaBar has not
performed such an analysis). Finally, our recast
bounds on B ! K(⇤)a,B ! ⇡a could be easily
improved by dedicated experimental searches using
already collected data. At LHCb one could mea-
sure the B ! K⇤a and B ! ⇢a branching ratios

using the decay chains such as B
0⇤⇤
s

! K+B� or

B
0⇤⇤

! ⇡+B� followed by B�
! K⇤�(! KS⇡�)a,

or B
0⇤⇤
s

! KSB
0
followed by B

0
! K

⇤0
a, ⇢0a

[101]. One could also attempt more challenging de-
cay chain measurements such asB⇤

s
! Bs�, followed

by Bs ! �a or Bs ! K⇤a.
We now convert the bounds on the branching ra-

tios in Table I to bounds on flavor violating cou-
plings of axions to quarks, Eqs. (1), (2). The corre-
sponding partial decay widths are given by

� = 12

8
<

:

f+(0)2

|FV
ij |2

, P1 ! P2a

A0(0)
2

|FA
ij |2

, P1 ! V2a
(5)

with the kinematic prefactor

12 =
M3

1

16⇡

✓
1�

M2
2

M2
1

◆3

, (6)

where M1 (M2) is the mass of the parent (daughter)
meson. Since KL ! ⇡0a decay is CP violating, the
partial decay width in that case is given by

�KL!⇡0a = 12f+(0)
2
⇥
Im (1/FV

sd
)
⇤2
, (7)

and thus vanishes in the CP conserving limit,
ImFV

sd
= 0, cf. Eq. (2). The KL ! ⇡0a and K+

!

⇡+a decay rates obey the Grossman-Nir bound
BR(KL ! ⇡0a)  4.3BR(K+

! ⇡+a) [102, 103].
The form factors f+(q2) and A0(q2) are defined

in Appendix C, where we also collect the numerical
values used as inputs in the numerical analysis. The
resulting bounds on axion couplings FV,A

ij
are shown

in Tab. III. The implications of these results and
future projections will be discussed in Sec. VII.

B. Bounds from three-body meson decays

The E787 experiment at Brookhaven performed a
search for the three-body K+

! ⇡0⇡+a decay me-
diated by the s ! da transition, and set the bound
BR(K+

! ⇡0⇡+a)  3.8 ⇥ 10�5 at 90% CL [91].
The related decay mode KL ! ⇡0⇡0a has also been
searched for, resulting in the upper limit for light
massive axions BR(KL ! ⇡0⇡0a) . 0.7⇥10�6 [104].
However, this analysis excluded the ma = 0 kine-
matic region and is thus not applicable to the case
of the QCD axion [105]. Other decay modes such as
KL ! ⇡+⇡�a or those involving the decays of KS

have not been investigated experimentally.
Parity conservation implies that the K ! ⇡⇡a

decays are sensitive only to the axial-vector cou-
plings of the axion to quarks (see Appendix C). The
form factors entering the predictions are related via
isospin symmetry to the form factors measured in
K+

! ⇡+⇡�e+⌫ [106–109], making precise predic-
tions for K ! ⇡⇡a decay rates possible. The two
final state pions can be only in the total isospin
I = 0 or the I = 1 state, since the s ! da La-
grangian is |�I| = 1/2, while the initial kaon is part
of an isodoublet. Bose symmetry demands the de-
cay amplitude to be symmetric with respect to the
exchange of the two pions. The I = 0 (I = 1) am-
plitude is even (odd) under this permutation. The
form factors must therefore enter in combinations
which are even (odd) with respect to the exchange
of pion momenta, p⇡1 $ p⇡2 . The two pions in the
decay K0

! ⇡0⇡0a (K+
! ⇡+⇡0a) are in a pure

I = 0 (I = 1) state and one obtains,

d�(KL ! ⇡0⇡0a)

ds
=

⇥
Re (1/FA

sd
)
⇤2 (m2

K0 � s)3

1024⇡3m5
K

�F 2
s
,

(8)
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Interesting target for Belle II 
★ first bounds on 2-body B-decays to vector mesons 
★ likely to improve old CLEO bounds by order of magnitude
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Looking for 2-body decays is sensitive to much higher New 
Physics scales than looking for deviations in 3-body decays
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Light vs. Heavy New Physics

(moreover heavy NP typically stronger constrained by mixing than decays)
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Present Constraints & Prospects
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non-flavor bounds

viable Axion Dark Matter region
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Summary

✦ is well-motivated by Strong CP Problem and DM
✦ is a massless, stable particle
✦ can have large flavor-violating couplings

★ The QCD axion {
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★ Contributes to 2-body B-meson decays with missing energy

★ Full data set of Belle II could provide bounds of order 109 GeV 
on effective axion coupling

★ 2-body decays are interesting target because can probe much 
higher NP scales than deviations from SM 3-body decays


