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The QCD Axion

✴ Astrophysics (star cooling via axion emission)

✴ Flavor experiments (rare decays with missing energy)

✴ Microwave cavities (DM axion conversion to photons)
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★ Predicted by Peccei-Quinn (PQ) solution to Strong CP Problem      
Goldstone boson of global PQ symmetry that gets mass only through QCD anomaly 

★ PQ breaking scale suppresses couplings to SM and sets mass      
To have sufficiently small couplings need PQ breaking above 107 GeV                      
→ QCD axion is essentially massless and stable on cosmological scales             
→ Vanilla Dark Matter candidate in vast parts of parameter space

★ Can be searched for with

[Peccei, Quinn’77, Wilczek ’78, Weinberg ’78]



Effective Axion Lagrangian

Generic axion interactions described by effective Lagrangian 
well below PQ breaking scale
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Solves Strong CP Problem 
& generates axion mass

gives low-energy axion 
couplings to photons

[Georgi, Kaplan, Randall ’86]
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non-perturbative effects 
generate axion potential

3 flavor-diagonal 
couplings: mainly 

probed by astrophysics

Axion couplings respect shift symmetry except for anomalous couplings to gauge fields
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ma ⇡ 5.7 eV

✓
106GeV

fa

◆

6 flavor-violating 
couplings: probed 
by flavor physics

Most common axion 
search channel

in general described by two hermitian 
3x3 matrices in each fermion sector



Axion Searches with Photons
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Axion couplings to ordinary matter (e, N, 𝛾) allow to radiate off 
energy from stellar objects, which can conflict with observations
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Nucleons 
Electrons

Photons F� & 107 GeV
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[HB Stars]
[SN1987A]
[WDs, RGs]

Constraints from Astrophysics
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Flavor-violating Couplings

✴ QCD axion has flavor-violating couplings whenever PQ charges 
of SM fermions are non-universal (e.g. in variant DFSZ models)

✴ Flavor-violating couplings depend on misalignment between PQ 
charges and SM Yukawas: predictions require theory of flavor 

✴ Motivated and predictive scenarios obtained when U(1)PQ identified 
with global flavor symmetry adressing Yukawa hierarchies

✴ UV origin: rotate Peccei-Quinn charge matrix to fermion mass basis
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simplest realization: flaxion/axiflavon 
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U(1)Peccei�Quinn = U(1)Froggatt�Nielsen

[Ema, Hamaguchi, Moroi, Nakayama ’16; Calibbi, Goertz, Redigolo, RZ, Zupan ’16]

[Wilczek ’82]



✦  2-body meson decays

⇤ ! na,⇤b ! na, . . .
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✦  2-body baryon decays

K ! ⇡a,B ! Ka,D ! ⇡a,B ! K⇤a, . . .
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Constraints from Quark Flavor Physics

✦ 3-body meson decays K ! ⇡⇡a, . . .
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✴ Need to constrain 8 effective flavor-violating quark couplings 
neglecting top sector, which gets only weak constraints from top decays

✴ Best probes are hadron decays with invisible final state 
look like highly suppressed SM decays with final state neutrino pair

✴ Bounds from neutral meson mixing typically much less constraining
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and moreover meson mixing also sensitive to UV contributions from e.g. axion radial mode 
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!

Constraints on Meson Decays

e.g. no bound on D+ ! ⇡+a,B ! K⇤a,B ! ⇢a

<latexit sha1_base64="vMM66Ib1x48EWT61E99/rYdT/cI="></latexit>

✴ Unfortunately experimental bounds often old or even non-existent

✴ Recast data on SM decays in 2-body region for massless axion

Belle data on B-decays do not admit 2-body recast: take BaBar data 

Can recast CLEO data on  D ! ⌧⌫, ⌧ ! ⇡⌫
<latexit sha1_base64="C8o4jIleANBuXwkZqzTTnkoOTco="></latexit>

to get bound on D+ ! ⇡+a
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FIG. 5: (color online) The sB distribution for (from top
to bottom) B+

→ K+νν, B0
→ K0νν, B+

→ K∗+νν,
and B0

→ K∗0νν events after applying the full signal selec-
tion. The expected combinatorial (shaded) plus mES-peaking
(solid) background contributions are overlaid on the data
(points). The signal MC distributions (dashed) are normal-
ized to branching fractions of 20× 10−5 for B+

→ K+νν and
50×10−5 for the other channels. Events to the left of the ver-
tical lines are selected to obtain SM-sensitive limits, while the
full spectra are used to determine partial branching fractions.

over the full sB spectrum. Tables IV and V summa-
rize the number of observed data events within the sB
signal region (0 < sB < 0.3), expected backgrounds,
B → K(∗)νν signal efficiencies, branching fraction cen-
tral values, and branching fraction limits at the 90% CL.
Combining the signal channels, we determine upper lim-
its of B(B → Kνν) < 3.2 × 10−5 and B(B → K∗νν) <
7.9×10−5. Since we see a small excess over the expected
background in the K+ channel, we report a two-sided
90% confidence interval. However, the probability of ob-
serving such an excess within the signal region, given
the uncertainty on the background, is 8.4% which cor-
responds to a one-sided Gaussian significance of about
1.4 σ. Therefore, this excess is not considered significant.

Using the same procedure as when combining signal
decay channels, the B → Kνν branching fraction cen-
tral values are combined with a previous semileptonic-tag
BABAR analysis that searched within a statistically inde-
pendent data sample [15]. We obtain combined BABAR

upper limits at the 90% CL of

B(B+ → K+νν) < 1.6× 10−5,

B(B0 → K0νν) < 4.9× 10−5, and

B(B → Kνν) < 1.7× 10−5.

(4)

The combined central value is B(B → Kνν) =
(0.8+0.7

−0.6) × 10−5, where the uncertainty includes both
statistical and systematic uncertainties. These combined
results reweight the sB distribution to that of the ABSW
theoretical model (dashed curve in Fig. 5), which de-
creases the signal efficiencies published in Ref. [15] by
approximately 10%. The B → K∗νν central values also
can be combined with the semileptonic-tag results from
a previous BABAR search [16]. In order to obtain approxi-
mate frequentist intervals, the likelihood functions in the
previous search are extended to include possibly negative
signals. We obtain combined BABAR upper limits at the
90% CL of

B(B+ → K∗+νν) < 6.4× 10−5,

B(B0 → K∗0νν) < 12 × 10−5, and

B(B → K∗νν) < 7.6× 10−5.

(5)

The combined central value is B(B → K∗νν) =
(3.8+2.9

−2.6)× 10−5.
Since certain new-physics models suggest that en-

hancements are possible at high sB values, we also
report model-independent partial branching fractions
(∆Bi) over the full sB spectrum by removing the low-sB
requirement. The ∆Bi values are calculated in intervals
of sB = 0.1, using Eq. (3) (with the Nobs

i , Npeak
i , N comb

i ,

and εsigi values found within the given interval) multiplied
by the fraction of the signal efficiency distribution inside
that interval. Figure 6 shows the partial branching frac-
tions. The signal efficiency distributions are relatively
independent of sB, which are also illustrated in Fig. 6.
To compute model-specific values from these results, one
can sum the central values within the model’s dominant
interval(s) (with uncertainties added in quadrature) and
divide the sum by the fraction of the model’s distribu-
tion that is expected to lie within the same sB intervals.
These partial branching fractions provide branching frac-
tion upper limits for several new-physics scenarios at the
level of 10−5.
The B → K(∗)νν decays are also sensitive to the short-

distance Wilson coefficients |Cν
L,R| for the left- and right-

handed weak currents, respectively. These couple two
quarks to two neutrinos via an effective field theory point
interaction [33]. Although |Cν

R| = 0 within the SM, right-
handed currents from new physics, such as non-SM Z0

penguin couplings, could produce non-zero values. Using
the parameterization from Ref. [1],

ϵ ≡
√

|Cν
L|2 + |Cν

R|2

|Cν
L,SM|

, η ≡
−Re(Cν

LC
ν∗
R )

|Cν
L|2 + |Cν

R|2
, (6)

observed + background events

=
m2

⌫⌫

m2
B

<latexit sha1_base64="Ne0JvHUm/BAtk0EFSmZtclXljeI="></latexit>2-body bin

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
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[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
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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
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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,
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e.g. in 1303.3719 2-body region cut out to reject background from radiative decays

[see also Kamenik, Smith ’11]
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✴ Unfortunately experimental bounds often old or even non-existent

✴ Recast data on SM decays in 2-body region for massless axion
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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
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[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
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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,
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Belle data on B-decays do not admit 2-body recast: take BaBar data 

Can recast CLEO data on  D ! ⌧⌫, ⌧ ! ⇡⌫
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e.g. in 1303.3719 2-body region cut out to reject background from radiative decays
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Interesting targets for 

BES-III and Belle-II  
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FIG. 5: (color online) The sB distribution for (from top
to bottom) B+

→ K+νν, B0
→ K0νν, B+

→ K∗+νν,
and B0

→ K∗0νν events after applying the full signal selec-
tion. The expected combinatorial (shaded) plus mES-peaking
(solid) background contributions are overlaid on the data
(points). The signal MC distributions (dashed) are normal-
ized to branching fractions of 20× 10−5 for B+

→ K+νν and
50×10−5 for the other channels. Events to the left of the ver-
tical lines are selected to obtain SM-sensitive limits, while the
full spectra are used to determine partial branching fractions.

over the full sB spectrum. Tables IV and V summa-
rize the number of observed data events within the sB
signal region (0 < sB < 0.3), expected backgrounds,
B → K(∗)νν signal efficiencies, branching fraction cen-
tral values, and branching fraction limits at the 90% CL.
Combining the signal channels, we determine upper lim-
its of B(B → Kνν) < 3.2 × 10−5 and B(B → K∗νν) <
7.9×10−5. Since we see a small excess over the expected
background in the K+ channel, we report a two-sided
90% confidence interval. However, the probability of ob-
serving such an excess within the signal region, given
the uncertainty on the background, is 8.4% which cor-
responds to a one-sided Gaussian significance of about
1.4 σ. Therefore, this excess is not considered significant.

Using the same procedure as when combining signal
decay channels, the B → Kνν branching fraction cen-
tral values are combined with a previous semileptonic-tag
BABAR analysis that searched within a statistically inde-
pendent data sample [15]. We obtain combined BABAR

upper limits at the 90% CL of

B(B+ → K+νν) < 1.6× 10−5,

B(B0 → K0νν) < 4.9× 10−5, and

B(B → Kνν) < 1.7× 10−5.

(4)

The combined central value is B(B → Kνν) =
(0.8+0.7

−0.6) × 10−5, where the uncertainty includes both
statistical and systematic uncertainties. These combined
results reweight the sB distribution to that of the ABSW
theoretical model (dashed curve in Fig. 5), which de-
creases the signal efficiencies published in Ref. [15] by
approximately 10%. The B → K∗νν central values also
can be combined with the semileptonic-tag results from
a previous BABAR search [16]. In order to obtain approxi-
mate frequentist intervals, the likelihood functions in the
previous search are extended to include possibly negative
signals. We obtain combined BABAR upper limits at the
90% CL of

B(B+ → K∗+νν) < 6.4× 10−5,

B(B0 → K∗0νν) < 12 × 10−5, and

B(B → K∗νν) < 7.6× 10−5.

(5)

The combined central value is B(B → K∗νν) =
(3.8+2.9

−2.6)× 10−5.
Since certain new-physics models suggest that en-

hancements are possible at high sB values, we also
report model-independent partial branching fractions
(∆Bi) over the full sB spectrum by removing the low-sB
requirement. The ∆Bi values are calculated in intervals
of sB = 0.1, using Eq. (3) (with the Nobs

i , Npeak
i , N comb

i ,

and εsigi values found within the given interval) multiplied
by the fraction of the signal efficiency distribution inside
that interval. Figure 6 shows the partial branching frac-
tions. The signal efficiency distributions are relatively
independent of sB, which are also illustrated in Fig. 6.
To compute model-specific values from these results, one
can sum the central values within the model’s dominant
interval(s) (with uncertainties added in quadrature) and
divide the sum by the fraction of the model’s distribu-
tion that is expected to lie within the same sB intervals.
These partial branching fractions provide branching frac-
tion upper limits for several new-physics scenarios at the
level of 10−5.
The B → K(∗)νν decays are also sensitive to the short-

distance Wilson coefficients |Cν
L,R| for the left- and right-

handed weak currents, respectively. These couple two
quarks to two neutrinos via an effective field theory point
interaction [33]. Although |Cν

R| = 0 within the SM, right-
handed currents from new physics, such as non-SM Z0

penguin couplings, could produce non-zero values. Using
the parameterization from Ref. [1],

ϵ ≡
√

|Cν
L|2 + |Cν

R|2

|Cν
L,SM|

, η ≡
−Re(Cν

LC
ν∗
R )

|Cν
L|2 + |Cν

R|2
, (6)

observed + background events

=
m2

⌫⌫

m2
B
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Looking for 2-body decays gives sensitivity to much higher 
NP scales than looking for deviations from SM 3-body decay

� / M3
B/f

2
a
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Light vs. Heavy New Physics

B ! K⌫⌫
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�
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(moreover heavy NP typically stronger constrained by mixing than decays)
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FIG. 4. Summary of the most important bounds for the di↵erent flavor sectors and for vectorial (red) and axial-
vectorial (blue) couplings. On the lower axis we indicate the corresponding values for the e↵ective axion mass defined
by mi.e↵ ⌘ 4.69 eV ⇥ 106 GeV/Fi. Also shown as vertical gray lines are the bounds on axion couplings to electrons
Fe (95%CL), nucleons FN , and photons F� (95%CL), see Section V for details.

b ! s and b ! d couplings up to a scale of ⇠ 108

GeV, with the exception of FA

bd
due to the absence

of dedicated B ! ⇢a searches at the B factories (the
related Belle B ! ⇢⌫⌫ analysis cannot be readily re-
cast, as discussed in Sec. III). The bounds from two-
body heavy-baryon ⇤b decays and from Bd,s � Bds

mixing are more than two orders of magnitude less
sensitive. Only the bound on the axial-vector bd�a
coupling from ⇤b decays and B�B, in the 106�107

GeV ballpark, are phenomenologically relevant con-
straints. Note that in this work we have focused
on the case of the QCD axion, such that b ! qa
transitions result in the axion escaping the detector
and a missing energy signature. A more inclusive
search strategy, that does not require any informa-
tion about the axion decay modes is possible using
searches for Bs ! µµa decays [70], though with
a reduced sensitivity to the quark-axion couplings
compared to the other modes.

The K and B meson decays also probe top-
quark axion couplings indirectly through loop ef-
fects, cf. Sec. II and Appendix A. These constraints
become important in the scenarios with down-quark
alignment or flavor-diagonal (or MFV) couplings
in the UV. In particular, the strong bound on
the K+

! ⇡+a branching fraction translates into
bounds for the t ! c and t ! u transitions at the
level of 108�109 GeV. Although we show these con-
straints in Table III, we did not include them in
Fig. 4 as they only constrain the left-handed combi-
nation and require the absence of possible cancella-
tions with tree-level sd� a couplings.

Direct probes of flavor violating up-quark–axion

couplings that are potentially sensitive to relatively
high scales are possible with charmed mesons and
baryons. The most sensitive probe of the flavor vi-
olating vectorial cu � a coupling turns out to be
the two-body D+

! ⇡+a decay. Recast of the
D+

! (⌧+ ! ⇡+⌫)⌫ analysis of CLEO and BE-
SIII gives the bound FV

cu
& O(108) GeV. Axial-

vector cu � a couplings are currently probed pre-
dominantly by D0-mixing with lower bounds in the
range FA

cu
& 106 � 108 GeV depending on the CP-

violating phase of the axion contribution. These
couplings can also be directly probed by ⇤c ! pa
decays, which in the future could provide the best
bounds on approximately real FA

cu
(this case is not

included in Fig. 4 for simplicity).

B. Future projections

The sensitivity to the couplings of the flavored-
axion to the quarks can be greatly improved with fu-
ture experiments. Dedicated searches for a massless
axion in two-body kaon decays at NA62 and KOTO
are expected to reach a sensitivity to the branching
fraction better than 10�11 [95] (cf. Sec. III). We
thus use

BRproj(K
+
! ⇡+a) < 10�11, (58)

as the (conservative) experimental projection. As
shown in Table III this will allow to push the lower
bounds on vectorial sd� a couplings beyond a scale
of 1012 GeV.

Axion Dark Matter

Fi ⌘ fa/Ci
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Martin Camalich, Pospelov, RZ, Vuong, Zupan ‘20

astrophysical constraints on 
flavor-diagonal couplings



Flavor Physics with SN1987A

Best handle on axial-vector coupling 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 
shortened observed neutrino 
pulse of SN1987A 

Gives best bound on invisible hyperon decays!

a
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Constraints from Lepton Flavor Physics

Calibbi, Redigolo, RZ, Zupan ‘20

✴ LFV decays with axions difficult since same signature as SM decay

✴ Very intense muon beams available at PSI could help to improve 
existing bounds at Mu3e or MEG-II (+EM calorimeter in fwd direction)
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Figure 3. Current bounds and future projections for di↵erent couplings Fi of an e↵ectively massless
ALP, also reported in Table 1. On the lower axis we indicate the corresponding values for the
e↵ective axion mass defined by mi,e↵ = 4.7 eV ⇥ 106 GeV/Fi.

In the numerical analyses throughout the paper all the axion couplings are assumed

to be real to simplify the discussion. The interpretations of the present LFV experimen-

tal results and future projections in terms of bounds on F`i`j are summarized in Fig. 1,

assuming all the lepton couplings in Eq. (2.1) to be O(1). Fig. 2 shows instead the same

constraints for the case when only a single LFV coupling is taken to be nonzero. In Figs. 1

and 2 we also show the typical reach of astrophysical bounds on the ALP decay constant

coming from star cooling and SN1987A observations (see Sec. 6.1 for details). In Table 1

and Fig. 3 we summarize the current best bounds and future projections for an e↵ectively

massless ma, i.e. lighter than the typical mass resolution of the experiments considered

here. This is the ALP mass range that applies to most of the concrete models discussed in

Sec. 7. In the subsequent sections we discuss in detail the observables and the experiments

from which these constraints were derived.

3 ALPs in µ+
! e+ + invis. decays

We first summarize the status and prospects to search for the two body µ
+

! e
+
a rare

decays, where a is invisible, i.e., it decays outside the detector. The challenge of this

measurement is to distinguish µ
+

! e
+
a from the background distribution of the SM

µ
+

! e
+

⌫ ⌫̄ decay.

The µ
+

! e
+
a decay produces a monochromatic positron line in the muon rest frame

– 9 –



Summary

★ The QCD axion can have large flavor-violating couplings which 
would contribute to 2-body meson decays with missing energy

★ Full data set of Belle II and BES-III could provide bounds of 
order 109 GeV on flavor-violating axion coupling to b/c-quarks

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

★ Constraints on hyperon decays to invisible particles from 
SN1987A outclass lab bound by six orders of magnitude

★ Without flavor suppression strongest bound on axion decay 
constant is of order 1012 GeV and comes from NA62


