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FIG. 3. Invariant mass distribution derived for the 20.49 MeV
transition in 4He.

The invariant mass distribution was also calculated
from the measured energies and angles of the same
dataset:

mXc
2 =

√

1− y2E sin(θ/2)+2m2
e

(

1 +
(1 + y2)

(1− y2)
cos(θ)

)

,

where E = Ee+ + Ee− and y = (Ee+ − Ee−)/(Ee+ +
Ee−). The result is shown in Fig. 3 for the signal
(19.5 MeV≤ Etot ≤22.0 MeV, in red) and background
(5 MeV≤ Etot ≤19 MeV, in black) regions.
The observed local p0 probability as a function of mX,

associated to the invariant mass distribution is shown in
Fig. 4. It is the probability that the observed excess
is due to a statistical oscillation of the background, as
defined and used in high energy physics [21].
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FIG. 4. The observed local p0 as a function of the hypothesized
X17 boson mass for the X17 → e+e− channel.

The significance of the peak observed in the e+e− in-
variant mass distribution was found to be 7.1σ. The mass
of the particle derived from the fit is: mXc2=17.00±0.13
MeV. This value agrees within the erroor bar with the
one we derived from the fit of the angular correlation.
The systematic uncertainties was estimated by taking

into account the uncertainty of the target position along
the beam line, which was estimated to be ± 2 mm, which
may cause mXc2± 0.06 MeV uncertainty. The uncer-
tainty of the place of the beam spot perpendicular to the
beam axis was estimated to be in worst case also ± 2
mm, which may cause a shift in the invariant mass of
mXc2± 0.15 MeV/c2. The whole systematic error was
conservatively estimated as: mXc2±0.20 MeV.
The obtained mass value agrees very well with that

of derived for the X17 boson from the 8Be experiments.
This is remarkable taking into account the fact that in
the present 4He transition the anomalous bump in the
angular correlation spectrum appears at a quite different
angle than it appears in the 8Be experiments due to the
different energies of the two excited states. The good
agreement between the two masses leads to the scenario
of decaying both studied excited states by the same X17
particle. This strengthens the validity of the X17 bo-
son hypothesis. It is also worth mentioning that strictly
speaking it cannot be proved that in the 4He case the
anomalous decay belongs to the 21.01 MeV 0− → 0+

transition. The wide 20.21 MeV 0+ first excited state
overlaps with the 21.01 MeV 0− state, and they both
were populated in the experiment. However, the anoma-
lous decay of the 0+ state would result a different new
particle than the decay of the 0− state or the decay of
the 1+ state in the 8Be. Assuming two new particles with
the same mass is a less probable scenario than assuming
only one X17 particle, which explains both anomalies.
We are expecting independent (particle physics) ex-

perimental results to come in the coming years. In the
following we cite a few of them.
Recently, the NA64 experiment [22] at CERN pre-

sented the first direct search with a 100 GeV/c e− beam
for this hypothetical mXc2=16.7 MeV boson and ex-
cluded part of its allowed parameter space, but left the
still unexplored region 4.2 × 10−4 ≤ εe ≤ 1.4 × 10−3 as
quite an exciting prospect for further research. Experi-
ment will be continued [23, 24].
The goal of ForwArd Search ExpeRiment (FASER)

[25] at the LHC is to discover light, weakly interacting
particles with a small (1 m3) detector placed in the far-
forward region of ATLAS. In particular, Ariga and his
coauthors [26–30] considered the discovery prospects for
ALPs. The project has already been approved, and the
experiment will start in 2023.
Jiang, Yang and Qiao [31] presented a comprehensive

investigation on the possibility of search for the X boson
directly in e+−e− collisions, and through the decay of the
created J/ψ particles at the BESIII experiment for both

shape of the resonance [40], but it is definitely different
from the shape of the forward or backward asymmetry [40].
Therefore, the above experimental data make the interpre-
tation of the observed anomaly less probable as being the
consequence of some kind of interference effects.
The deviation cannot be explained by any γ-ray related

background either, since we cannot see any effect at off
resonance, where the γ-ray background is almost the same.
To the best of our knowledge, the observed anomaly can
not have a nuclear physics related origin.
The deviation observed at the bombarding energy of

Ep ¼ 1.10 MeV and at Θ ≈ 140° has a significance of 6.8
standard deviations, corresponding to a background fluc-
tuation probability of 5.6 × 10−12. On resonance, the M1
contribution should be even larger, so the background
should decrease faster than in other cases, which would
make the deviation even larger and more significant.
The eþe− decay of a hypothetical boson emitted iso-

tropically from the target has been simulated together with
the normal IPC emission of eþe− pairs. The sensitivity of
the angular correlation measurements to the mass of the
assumed boson is illustrated in Fig. 4.
Taking into account an IPC coefficient of 3.9 × 10−3 for

the 18.15 MeV M1 transition [32], a boson to γ branching
ratio of 5.8 × 10−6 was found for the best fit and was then
used for the other boson masses in Fig. 4.
According to the simulations, the contribution of the

assumed boson should be negligible for asymmetric pairs
with 0.5 ≤ jyj ≤ 1.0. The open circles with error bars in
Fig. 4 show the experimental data obtained for asymmetric

pairs (rescaled for better separation) compared with the
simulations (full curve) including only M1 and E1 con-
tributions. The experimental data do not deviate from the
normal IPC. This fact supports also the assumption of the
boson decay.
The χ2 analysis mentioned above to judge the signifi-

cance of the observed anomaly was extended to extract the
mass of the hypothetical boson. The simulated angular
correlations included contributions from bosons with
masses between m0c2 ¼ 15 and 17.5 MeV. As a result
of the χ2 analysis, we determined the boson mass to be
m0c2 ¼ 16.70# 0.35ðstatÞ MeV. The minimum value for
the χ2=f was 1.07, while the values at 15 and 17.5 MeV
were 7.5 and 6.0, respectively. A systematic error caused by
the instability of the beam position on the target, as well as
the uncertainties in the calibration and positioning of the
detectors is estimated to be ΔΘ ¼ 6°, which corresponds to
0.5 MeV uncertainty in the boson mass.
Since, in contrast to the case of 17.6 MeV isovector

transition, the observed anomalous enhancement of the
18.15 MeV isoscalar transition could only be explained by
also assessing a particle, then it must be of isoscalar nature.
The invariant mass distribution calculated from the

measured energies and angles was also derived. It is shown
in Fig. 5.
The dashed line shows the result of the simulation

performed for M1þ 23%E1 mixed IPC transition (the
mixing ratio was determined from fitting the experimental
angular correlations), the dotted line shows the simulation
for the decay of a particle with mass of 16.6 MeV=c2 while
the dash-dotted line is their sum, which describes the
experimental data reasonably well.
In conclusion, we have measured the eþe− angular

correlation in internal pair creation for the M1 transition
depopulating the 18.15 MeV state in 8Be, and observed a
peaklike deviation from the predicted IPC. To the best of
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FIG. 4. Experimental angular eþe− pair correlations measured
in the 7Liðp; eþe−Þ reaction at Ep ¼ 1.10 MeV with
−0.5 ≤ y ≤ 0.5 (closed circles) and jyj ≥ 0.5 (open circles).
The results of simulations of boson decay pairs added to those
of IPC pairs are shown for different boson masses as described in
the text.
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FIG. 5. Invariant mass distribution derived for the 18.15 MeV
transition in 8Be.
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If it is confirmed that correct interpretation of the ATOMKI 8Be and 4He anomalies is indeed a new “X17” particle, 

many of us will be having an “Isaac Rabi’s existential moment”:

“WHO ORDERED THAT?”
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While most X17 candidates seem apparently ad hoc, 
one possible explanation is extremely well-motivated:

Q:  “WHO ORDERED THAT?”

X17  =  the QCD axion

A:  QCD did.

Q:  For what purpose?

A:  To solve the strong CP problem.

3



The Strong CP Problem

CP is not a good symmetry of the Standard Model

Yet, the strong interactions are CP-symmetric to an incredible accuracy!

(it is maximally violated in the weak sector)

expected “natural” value of neutron EDM:   

current experimental bound on neutron EDM:   

|dn| ⇠ O(10�16) e · cm

|dn| < 3⇥ 10�26 e · cm

This is considered a strong indication of a dynamical mechanism relaxing the strong CP phase to zero

The most popular such mechanism is the one proposed by Peccei and Quinn, 
whose smoking-gun prediction is a new light pseudoscalar, 

the QCD axion
4
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Figure 6-1. Parameter space for axions (top) and axion-like particles (ALPs) (bottom). In the bottom
plot, the QCD axion models lie within an order of magnitude from the explicitly shown “KSVZ” axion
line. Colored regions are: experimentally excluded regions (dark green), constraints from astronomical
observations (gray) or from astrophysical or cosmological arguments (blue), and sensitivity of planned
experiments (light green). Shown in red are boundaries where ALPs can account for all the dark matter
produced either thermally in the big bang or non-thermally by the misalignment mechanism.

Fundamental Physics at the Intensity Frontier
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But today the consensus is that the QCD axion, if it exists, should be 
ultralight and cosmologically long-lived         an attractive dark matter candidate!

terrestrial 
constraints
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Figure 6-1. Parameter space for axions (top) and axion-like particles (ALPs) (bottom). In the bottom
plot, the QCD axion models lie within an order of magnitude from the explicitly shown “KSVZ” axion
line. Colored regions are: experimentally excluded regions (dark green), constraints from astronomical
observations (gray) or from astrophysical or cosmological arguments (blue), and sensitivity of planned
experiments (light green). Shown in red are boundaries where ALPs can account for all the dark matter
produced either thermally in the big bang or non-thermally by the misalignment mechanism.
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This possibility faces a significant challenge: 
The wide separation between the PQ 
and QCD dynamical scales makes the                 
cancellation of the strong CP phase        
highly vulnerable to spoiling effects    
(the “axion quality problem”).

But today the consensus is that the QCD axion, if it exists, should be 
ultralight and cosmologically long-lived         an attractive dark matter candidate!
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Figure 6-1. Parameter space for axions (top) and axion-like particles (ALPs) (bottom). In the bottom
plot, the QCD axion models lie within an order of magnitude from the explicitly shown “KSVZ” axion
line. Colored regions are: experimentally excluded regions (dark green), constraints from astronomical
observations (gray) or from astrophysical or cosmological arguments (blue), and sensitivity of planned
experiments (light green). Shown in red are boundaries where ALPs can account for all the dark matter
produced either thermally in the big bang or non-thermally by the misalignment mechanism.

Fundamental Physics at the Intensity Frontier

⇤QCD

<latexit sha1_base64="s2XQmaFTv5r1Lu6lJmqvPMTlgVc=">AAAB/XicdVDLSgMxFM3UV62v+ti5CRbBVZkpY7W7Yl24cNGCbYVOKZk0bUMzD5I7Yh2Kv+LGhSJu/Q93/o2ZdgQVPRA4nHMu9+a4oeAKTPPDyCwsLi2vZFdza+sbm1v57Z2WCiJJWZMGIpDXLlFMcJ81gYNg16FkxHMFa7vjWuK3b5hUPPCvYBKyrkeGPh9wSkBLvfyec6nDfdKLHWC3EDdq59NpL18wi2XbtCs2NovmDAmxSmWzgq1UKaAU9V7+3ekHNPKYD1QQpTqWGUI3JhI4FWyacyLFQkLHZMg6mvrEY6obz66f4kOt9PEgkPr5gGfq94mYeEpNPFcnPQIj9dtLxL+8TgSD027M/TAC5tP5okEkMAQ4qQL3uWQUxEQTQiXXt2I6IpJQ0IXldAlfP8X/k1apaNnF44ZdqJ6ldWTRPjpAR8hCJ6iKLlAdNRFFd+gBPaFn4954NF6M13k0Y6Qzu+gHjLdP7GiVjQ==</latexit>

fPQ

<latexit sha1_base64="2JnjbLNUOqr/cUq3V+oL0mTlUlM=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU0hKrPZW9OKxBVsLbSib7aZduvlwd1IsIb/DiwdFvPpjvPlv3LYRVPTBwOO9GWbmebHgCizrwyisrK6tbxQ3S1vbO7t75f2DjooSSVmbRiKSXY8oJnjI2sBBsG4sGQk8wW69ydXcv50yqXgU3sAsZm5ARiH3OSWgJdcfpH1g95A2W1k2KFcss+ZYTt3BlmktMCd2tWbVsZ0rFZSjOSi/94cRTQIWAhVEqZ5txeCmRAKngmWlfqJYTOiEjFhP05AETLnp4ugMn2hliP1I6goBL9TvEykJlJoFnu4MCIzVb28u/uX1EvAv3JSHcQIspMtFfiIwRHieAB5yySiImSaESq5vxXRMJKGgcyrpEL4+xf+TTtW0HfOs5VQal3kcRXSEjtEpstE5aqBr1ERtRNEdekBP6NmYGo/Gi/G6bC0Y+cwh+gHj7ROYxpKo</latexit>

~ 10 orders of magnitude

From this perspective, it is worth considering 
implementations of the PQ mechanism      
closer to ΛQCD. 

experimental focus

)

<latexit sha1_base64="BwttjCQqzrTbpCEpJtPXZhKYmPc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6p9XL+7OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5OzkXU=</latexit>

terrestrial 
constraintsastrophysical constraints

This possibility faces a significant challenge: 

But today the consensus is that the QCD axion, if it exists, should be 
ultralight and cosmologically long-lived         an attractive dark matter candidate!

The wide separation between the PQ 
and QCD dynamical scales makes the                 
cancellation of the strong CP phase        
highly vulnerable to spoiling effects    
(the “axion quality problem”).
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Figure 6-1. Parameter space for axions (top) and axion-like particles (ALPs) (bottom). In the bottom
plot, the QCD axion models lie within an order of magnitude from the explicitly shown “KSVZ” axion
line. Colored regions are: experimentally excluded regions (dark green), constraints from astronomical
observations (gray) or from astrophysical or cosmological arguments (blue), and sensitivity of planned
experiments (light green). Shown in red are boundaries where ALPs can account for all the dark matter
produced either thermally in the big bang or non-thermally by the misalignment mechanism.
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Figure 6-1. Parameter space for axions (top) and axion-like particles (ALPs) (bottom). In the bottom
plot, the QCD axion models lie within an order of magnitude from the explicitly shown “KSVZ” axion
line. Colored regions are: experimentally excluded regions (dark green), constraints from astronomical
observations (gray) or from astrophysical or cosmological arguments (blue), and sensitivity of planned
experiments (light green). Shown in red are boundaries where ALPs can account for all the dark matter
produced either thermally in the big bang or non-thermally by the misalignment mechanism.
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terrestrial 
constraintsastrophysical constraints

This possibility faces a significant challenge: 

Experimentally viable QCD axion variants 
in the O(10 MeV) mass range must be:

- piophobic

- 2nd and 3rd generation-phobic
- electrophilic

(i.e., muon-phobic, charm-phobic, bottom-phobic, etc)

But today the consensus is that the QCD axion, if it exists, should be 
ultralight and cosmologically long-lived         an attractive dark matter candidate!

The wide separation between the PQ 
and QCD dynamical scales makes the                 
cancellation of the strong CP phase        
highly vulnerable to spoiling effects    
(the “axion quality problem”).
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Axion emission in nuclear transitions was one of 
the first predicted signals of the original axion,

and it was extensively studied and experimentally 
searched for during the 80s and early 90s…

Be-8 As a New Physics Lab
• Beryllium-8 is composed of four 

protons and four neutrons.

• Its ground state decays into two alpha 
particles.

• It is a somewhat unusual nucleus:

• It has large excitations (~20 MeV) 
with reasonably long lifetimes.

• Relatively easy to make in the lab 
from p + 7Li.

• Transitions from excited to ground 
states probe MeV-scale weakly coupled 
physics, such as an axion.

Excited state

Ground state

R e s o n a n t  
P ro d u c t i o n

D i s c r e t e
Tr a n s i t i o n s

Treiman & Wilczek, Phys. Lett. B74 (’78); 
Donnelly et al., Phys. Rev. D18 (’78)

excited nucleus

ground state

a

x

adapted from F. Tanedo
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To explain the 8Be and 4He anomalies, 
the QCD axion must be:

Be-8 As a New Physics Lab
• Beryllium-8 is composed of four 

protons and four neutrons.

• Its ground state decays into two alpha 
particles.

• It is a somewhat unusual nucleus:

• It has large excitations (~20 MeV) 
with reasonably long lifetimes.

• Relatively easy to make in the lab 
from p + 7Li.

• Transitions from excited to ground 
states probe MeV-scale weakly coupled 
physics, such as an axion.

Excited state

Ground state

R e s o n a n t  
P ro d u c t i o n

D i s c r e t e
Tr a n s i t i o n s

Treiman & Wilczek, Phys. Lett. B74 (’78); 
Donnelly et al., Phys. Rev. D18 (’78)

x

- piophobic (suppressed rate in ΔI ≈ 1 transitions)

680 A.J. Krasznahorkay et al.
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On the X(17) Light-particle Candidate Observed in Nuclear Transitions 679

sured at the proton absorption resonance at Ep = 441 keV. In order to check
the efficiency of the experimental setup, we used the angular correlation de-
termined for the 6.05 MeV E0 transition following the 19F(p,↵)16O reaction.
It is shown in the upper curve of Fig. 2 (b) together with the simulated re-
sults for an E0 transition.
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Fig. 2. (Color online) Measured sum energy spectrum (a) and angular correlation
(b) of the e+e� pairs originated from the decay of the 17.6 MeV resonance compared
with the simulated angular correlations [8] assuming M1+1.0%E1 mixed transitions
(solid blue curve). The contribution of external pair creation in the simulations
caused by the 17.6 MeV � rays is shown at the bottom of the figure marked by EPC.

A typical �-spectrum measured at Ep = 1100 keV is shown in Fig. 3 (a).
The 18.15 MeV (1+ ! 0+ g.s.) photopeak and its single and double escape
peaks are clearly visible. The broad peak at 15.15 MeV corresponds to the
15.15 MeV (1+ ! 2+ 3.03 MeV) transition.

The energy resolution of the peaks reflects both the width of the reso-
nance (� = 168 keV) and the energy loss in the target. The branching ratio
of the � transition from the 18.15 MeV 1+ state to the ground state and to
the 2+ state is 30% and 70%, respectively [7]. The transition to the ground
state from this state is much less favored then from the 17.6 MeV state.

The contaminant line marked by 27Al is coming from the 27Al(p, �)28Si
reaction induced on the backing of the target.

As the branching ratio for the decay of the 18.15 MeV state was very
much unfavored, to derive the angular correlations, we set a wide gate from
13 MeV to 20 MeV, covering both the ground state transition and the tran-
sition to the first excited state. The result is shown in Fig. 3.
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Be-8 As a New Physics Lab
• Beryllium-8 is composed of four 

protons and four neutrons.

• Its ground state decays into two alpha 
particles.

• It is a somewhat unusual nucleus:

• It has large excitations (~20 MeV) 
with reasonably long lifetimes.

• Relatively easy to make in the lab 
from p + 7Li.

• Transitions from excited to ground 
states probe MeV-scale weakly coupled 
physics, such as an axion.

Excited state

Ground state

R e s o n a n t  
P ro d u c t i o n

D i s c r e t e
Tr a n s i t i o n s

Treiman & Wilczek, Phys. Lett. B74 (’78); 
Donnelly et al., Phys. Rev. D18 (’78)
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To explain the 8Be and 4He anomalies, 
the QCD axion must be:

Be-8 As a New Physics Lab
• Beryllium-8 is composed of four 

protons and four neutrons.

• Its ground state decays into two alpha 
particles.

• It is a somewhat unusual nucleus:

• It has large excitations (~20 MeV) 
with reasonably long lifetimes.

• Relatively easy to make in the lab 
from p + 7Li.

• Transitions from excited to ground 
states probe MeV-scale weakly coupled 
physics, such as an axion.

Excited state

Ground state

R e s o n a n t  
P ro d u c t i o n

D i s c r e t e
Tr a n s i t i o n s

Treiman & Wilczek, Phys. Lett. B74 (’78); 
Donnelly et al., Phys. Rev. D18 (’78)

x

- piophobic (suppressed rate in ΔI ≈ 1 transitions)

680 A.J. Krasznahorkay et al.
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Fig. 3. (Color online) A typical �-ray spectrum (left panel) and angular correlation
of the e+e� pairs (right panel) originated from the decay of the 18.15 MeV reso-
nance compared with the simulated angular correlations [8] assuming M1+1.4%E1
mixed transitions (solid blue curve), measured at Ep = 1100 keV. The contribu-
tion of external pair creation in the simulations, caused by the 18.15 MeV �rays is
shown at the bottom of the figure marked by EPC.
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On the X(17) Light-particle Candidate Observed in Nuclear Transitions 679

sured at the proton absorption resonance at Ep = 441 keV. In order to check
the efficiency of the experimental setup, we used the angular correlation de-
termined for the 6.05 MeV E0 transition following the 19F(p,↵)16O reaction.
It is shown in the upper curve of Fig. 2 (b) together with the simulated re-
sults for an E0 transition.
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Fig. 2. (Color online) Measured sum energy spectrum (a) and angular correlation
(b) of the e+e� pairs originated from the decay of the 17.6 MeV resonance compared
with the simulated angular correlations [8] assuming M1+1.0%E1 mixed transitions
(solid blue curve). The contribution of external pair creation in the simulations
caused by the 17.6 MeV � rays is shown at the bottom of the figure marked by EPC.

A typical �-spectrum measured at Ep = 1100 keV is shown in Fig. 3 (a).
The 18.15 MeV (1+ ! 0+ g.s.) photopeak and its single and double escape
peaks are clearly visible. The broad peak at 15.15 MeV corresponds to the
15.15 MeV (1+ ! 2+ 3.03 MeV) transition.

The energy resolution of the peaks reflects both the width of the reso-
nance (� = 168 keV) and the energy loss in the target. The branching ratio
of the � transition from the 18.15 MeV 1+ state to the ground state and to
the 2+ state is 30% and 70%, respectively [7]. The transition to the ground
state from this state is much less favored then from the 17.6 MeV state.

The contaminant line marked by 27Al is coming from the 27Al(p, �)28Si
reaction induced on the backing of the target.

As the branching ratio for the decay of the 18.15 MeV state was very
much unfavored, to derive the angular correlations, we set a wide gate from
13 MeV to 20 MeV, covering both the ground state transition and the tran-
sition to the first excited state. The result is shown in Fig. 3.
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Be-8 As a New Physics Lab
• Beryllium-8 is composed of four 

protons and four neutrons.

• Its ground state decays into two alpha 
particles.

• It is a somewhat unusual nucleus:

• It has large excitations (~20 MeV) 
with reasonably long lifetimes.

• Relatively easy to make in the lab 
from p + 7Li.

• Transitions from excited to ground 
states probe MeV-scale weakly coupled 
physics, such as an axion.

Excited state

Ground state

R e s o n a n t  
P ro d u c t i o n

D i s c r e t e
Tr a n s i t i o n s

Treiman & Wilczek, Phys. Lett. B74 (’78); 
Donnelly et al., Phys. Rev. D18 (’78)
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To explain the 8Be and 4He anomalies, 
the QCD axion must be:

- piophobic (suppressed rate in ΔI ≈ 1 transitions)

680 A.J. Krasznahorkay et al.
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Fig. 3. (Color online) A typical �-ray spectrum (left panel) and angular correlation
of the e+e� pairs (right panel) originated from the decay of the 18.15 MeV reso-
nance compared with the simulated angular correlations [8] assuming M1+1.4%E1
mixed transitions (solid blue curve), measured at Ep = 1100 keV. The contribu-
tion of external pair creation in the simulations, caused by the 18.15 MeV �rays is
shown at the bottom of the figure marked by EPC.
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Fig. 4. (Color online) Measured angular correlations published previously [1] (blue
circles) and the present results (full red dots) of the e+e� pairs originated from the
decay of the 18.15 MeV ground state transition in 8Be. The black line represents
the background, while the gray/green one is the sum of the signal and background.
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On the X(17) Light-particle Candidate Observed in Nuclear Transitions 679

sured at the proton absorption resonance at Ep = 441 keV. In order to check
the efficiency of the experimental setup, we used the angular correlation de-
termined for the 6.05 MeV E0 transition following the 19F(p,↵)16O reaction.
It is shown in the upper curve of Fig. 2 (b) together with the simulated re-
sults for an E0 transition.
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Fig. 2. (Color online) Measured sum energy spectrum (a) and angular correlation
(b) of the e+e� pairs originated from the decay of the 17.6 MeV resonance compared
with the simulated angular correlations [8] assuming M1+1.0%E1 mixed transitions
(solid blue curve). The contribution of external pair creation in the simulations
caused by the 17.6 MeV � rays is shown at the bottom of the figure marked by EPC.

A typical �-spectrum measured at Ep = 1100 keV is shown in Fig. 3 (a).
The 18.15 MeV (1+ ! 0+ g.s.) photopeak and its single and double escape
peaks are clearly visible. The broad peak at 15.15 MeV corresponds to the
15.15 MeV (1+ ! 2+ 3.03 MeV) transition.

The energy resolution of the peaks reflects both the width of the reso-
nance (� = 168 keV) and the energy loss in the target. The branching ratio
of the � transition from the 18.15 MeV 1+ state to the ground state and to
the 2+ state is 30% and 70%, respectively [7]. The transition to the ground
state from this state is much less favored then from the 17.6 MeV state.

The contaminant line marked by 27Al is coming from the 27Al(p, �)28Si
reaction induced on the backing of the target.

As the branching ratio for the decay of the 18.15 MeV state was very
much unfavored, to derive the angular correlations, we set a wide gate from
13 MeV to 20 MeV, covering both the ground state transition and the tran-
sition to the first excited state. The result is shown in Fig. 3.
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Be-8 As a New Physics Lab
• Beryllium-8 is composed of four 

protons and four neutrons.

• Its ground state decays into two alpha 
particles.

• It is a somewhat unusual nucleus:

• It has large excitations (~20 MeV) 
with reasonably long lifetimes.

• Relatively easy to make in the lab 
from p + 7Li.

• Transitions from excited to ground 
states probe MeV-scale weakly coupled 
physics, such as an axion.

Excited state

Ground state

R e s o n a n t  
P ro d u c t i o n

D i s c r e t e
Tr a n s i t i o n s

Treiman & Wilczek, Phys. Lett. B74 (’78); 
Donnelly et al., Phys. Rev. D18 (’78)
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In our adopted parametrization, the axion nuclear couplings are:

which, combined with (2.2), yields the axion decay width and branching ratio to two pho-
tons:
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The axion’s contribution to (g � 2)e stemming from its couplings to electrons and photons
has been worked out in [45].

Finally, expressing the axion nuclear couplings generically as:

LaNN = a N i�
5
⇣
g
(0)
aNN + g

(1)
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3
⌘
N , (2.14)

the parameterization in (2.9) yields the following isovector and isoscalar axion-nucleon
couplings, respectively:

g
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Above, N is the nucleon isospin doublet, mN is the nucleon mass, and �q quantifies the
matrix elements of quark axial-currents in the nucleon via 2 sµ �q = hN |q̄�µ�5q |Ni, with
sµ the nucleon spin-vector. The combination in (2.15a) is well determined from neutron
�-decay,

�u � �d = gA ' 1.27 . (2.16)

On the other hand, estimations for �u + �d and �s based on data from semi-leptonic
hyperon decays, proton deep inelastic scattering, and lattice calculations vary widely [69–
81], ranging from:

0.09 . �u + �d . 0.62 and � 0.35 . �s . 0. (2.17)

In the following, we will use (2.15) to fit the recent 8Be and 4He anomalies, and (2.9)
to obtain various rare meson decays.

3 Nuclear Transitions

One of the smoking gun signatures of axions in the mass range O(keV � MeV) are
magnetic nuclear de-excitations via axion emission [57–59]. Indeed, such signals have been
extensively searched for during the 1980’s [82–91]. However, since the energy of typical nu-
clear transitions ranges from a few keV to a few MeV, past searches did not place meaningful
bounds on axions heavier than ma & 2 MeV.

Recently, the MTA Atomki collaboration led by A. Krasznahorkay reported on the
observation of bump-like excesses in the invariant mass distribution of e

+
e
� pairs emitted
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isovector:

isoscalar:
with

We use the axion emission rates in nuclear transitions estimated by Donnelly et al., PRD 18 (1978)

Bands include uncertainties in nuclear matrix elements, nuclear structure parameters, and in 𝜃aπ  KTeV fit
8Be and 4He excesses are compatible with the same range of isoscalar axion couplings 

14



Constraints on a(17)
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Additional experimental constraints on a(17)

Radiative quarkonium decays Muon’s magnetic dipole moment
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Major constraints on the QCD axion with
fa = O(GeV)

ma = O(MeV)
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These observables are grossly over predicted unless a(17) has 
very suppressed couplings to SM fermions of 2nd and 3rd generations
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Additional experimental constraints on a(17)

Rare charged pion decays

Major constraints on the QCD axion with
fa = O(GeV)

ma = O(MeV)
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Experimental requirement of piophobia
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Additional experimental constraints on a(17)

Rare neutral pion decay
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Experimental preference for piophobia
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A piophobic a(17) could explain KTeV measurement of                           , 
which is ~ 15% higher than SM expectation ( ~ 2 — 3𝜎 discrepancy)
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Additional experimental constraints on a(17)

Electronic coupling of a(17),                               , is constrained to               1/5 . QPQ
e . 2
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Potential channels for 
exclusion and/or discovery
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a(17) is not emitted in transitions/capture reactions with electric multipolarity
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FIG. 3. Top: �� vs. the proton’s lab energy Elab. The data
are from Ref. [19]. The lower panels: �X/"2v for di↵erent
values of MX . The shaded regions cover the four measured
energies [1]. The legends are shared by all the panels; E1
(E1X L1X C1X), M1 (M1X), and their sum are shown as
sold (red), dashed (blue), and dotted (black) lines.

1+ states were pure isospin eigenstates, the OM1 opera-
tor would only connect the lower-energy state with the
ground state. �-production at the higher-energy reso-
nance occurs only because isospin mixing between the
two 1+ states causes the higher-energy state to have an
isospin 1 amplitude of �0.21 [18, 22]. The kinematics to-
gether with this ratio can qualitatively explain the ratio

FIG. 4. The minimum values of the pair correlation angles vs.
the proton’s lab energy Elab. Four di↵erent cases are plotted
with the corresponding masses indicated. The shaded regions
again cover the four measured energies [1].

of photon widths ��(i) listed in Table I [5]. The di↵erence
between the strong decay widths shown in that Table
arises from phase space factors and the greater impor-
tance of the Coulomb barrier at lower energies [12]. The
final |7Li, pi states in these strong decays are equal mix-
tures of isospin 0 and 1, so the 1+ states’ isospin contents
do not dictate the strong decay width.
Next turn to the production of X bosons. Eq. (18)

gives the relative magnitude of the total X production
cross section i.e., �X/"

2
v and its decomposition into the

ELC1X and M1X components. (From now on, ELC1X

means the combination of E1X , L1X and C1X , since
they always show up together.) The first term, being
proportional to 3!2 � q

2, is ELC1X contributions (for
the photon this factor is 2!2). The second term gives
that of M1X , whose q

2 factor arises from the magnetic
nature of the interaction.
The results thus obtained for four di↵erent MX (16.5,

17, 17.5 18 MeV) around the suggested values from
Ref. [3] are shown in the lower four panels of Fig. 3.
The shaded regions cover the four di↵erent Elab values,
0.8, 1.04, 1.1, 1.2 MeV, that have been measured by the
experiment [1]. The X can be produced via the domi-
nant ELC1X component for almost any energy above the
kinematic threshold, except around the MIV resonance
for MX = 16.5, 17 and 17.5 MeV. (The 7Li-p threshold
is 17.26 MeV above 8Be’s ground state, and thus no ki-
netic threshold exists for MX = 16.5, 17 and 17.5 MeV,
while such threshold for MX = 18 MeV eliminates X

production around the MIV resonance.)
One key experimental signal of the X productions is

the enhanced e
+-e�detection—from X’s decay—in the

region of large pair-correlation-angle (✓+�) as measured
in the lab frame, on the top of the EM-induced pair pro-
duction background that varies smoothly in the same re-
gion [1, 12]. If MX ⇡ !, ✓+� is limited to a small win-
dow, between ✓

min
+� and 180�, which can be seen based

No Bremsstrahlung radiation

No                                                 (              ) transition4
He(20.49) ! 4

He(0) + a(17)
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a(17) emission is suppressed in isovector magnetic transitions
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FIG. 3. Top: �� vs. the proton’s lab energy Elab. The data
are from Ref. [19]. The lower panels: �X/"2v for di↵erent
values of MX . The shaded regions cover the four measured
energies [1]. The legends are shared by all the panels; E1
(E1X L1X C1X), M1 (M1X), and their sum are shown as
sold (red), dashed (blue), and dotted (black) lines.

1+ states were pure isospin eigenstates, the OM1 opera-
tor would only connect the lower-energy state with the
ground state. �-production at the higher-energy reso-
nance occurs only because isospin mixing between the
two 1+ states causes the higher-energy state to have an
isospin 1 amplitude of �0.21 [18, 22]. The kinematics to-
gether with this ratio can qualitatively explain the ratio

FIG. 4. The minimum values of the pair correlation angles vs.
the proton’s lab energy Elab. Four di↵erent cases are plotted
with the corresponding masses indicated. The shaded regions
again cover the four measured energies [1].

of photon widths ��(i) listed in Table I [5]. The di↵erence
between the strong decay widths shown in that Table
arises from phase space factors and the greater impor-
tance of the Coulomb barrier at lower energies [12]. The
final |7Li, pi states in these strong decays are equal mix-
tures of isospin 0 and 1, so the 1+ states’ isospin contents
do not dictate the strong decay width.
Next turn to the production of X bosons. Eq. (18)

gives the relative magnitude of the total X production
cross section i.e., �X/"

2
v and its decomposition into the

ELC1X and M1X components. (From now on, ELC1X

means the combination of E1X , L1X and C1X , since
they always show up together.) The first term, being
proportional to 3!2 � q

2, is ELC1X contributions (for
the photon this factor is 2!2). The second term gives
that of M1X , whose q

2 factor arises from the magnetic
nature of the interaction.
The results thus obtained for four di↵erent MX (16.5,

17, 17.5 18 MeV) around the suggested values from
Ref. [3] are shown in the lower four panels of Fig. 3.
The shaded regions cover the four di↵erent Elab values,
0.8, 1.04, 1.1, 1.2 MeV, that have been measured by the
experiment [1]. The X can be produced via the domi-
nant ELC1X component for almost any energy above the
kinematic threshold, except around the MIV resonance
for MX = 16.5, 17 and 17.5 MeV. (The 7Li-p threshold
is 17.26 MeV above 8Be’s ground state, and thus no ki-
netic threshold exists for MX = 16.5, 17 and 17.5 MeV,
while such threshold for MX = 18 MeV eliminates X

production around the MIV resonance.)
One key experimental signal of the X productions is

the enhanced e
+-e�detection—from X’s decay—in the

region of large pair-correlation-angle (✓+�) as measured
in the lab frame, on the top of the EM-induced pair pro-
duction background that varies smoothly in the same re-
gion [1, 12]. If MX ⇡ !, ✓+� is limited to a small win-
dow, between ✓

min
+� and 180�, which can be seen based

No Bremsstrahlung radiation

Suppressed isovector M1 transitions

No                                              E1 transition12C(17.2) ! 12C(0) + a(17)
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Figure 4: Obtained upper limits at 90% CL on the mixing parameter ε2 versus the DP mass
mA′ , compared to other published exclusion limits from meson decay, beam dump and e+e−

collider experiments [16–22]. Also shown is the band where the inconsistency of theoretical and
experimental values of muon (g − 2) reduces to less than 2 standard deviations, as well as the
region excluded by the electron (g − 2) measurement [2, 23,24].

the mass range 2me < mA′ < mK − mπ. The expected branching fraction value is B(K± →
π±A′) < 2 · 10−4ε2 over the whole allowed mA′ range [24], in contrast to B(π0 → γA′) ∼ ε2

for mA′ < 100 MeV/c2. In the NA48/2 data sample, the suppression of the DP production
in the K+ decay with respect to its production in the π0 decay is partly compensated by the
favourable K±/π0 production ratio, lower background (mainly from K± → π±$+$− for $ = µ
or mA′ > mπ0) and higher acceptance [25,26].

For the A′ → e+e− decay, the expected sensitivity of the NA48/2 data sample to ε2 is
maximum in the mass interval 140 MeV/c2 < mA′ < 2mµ, where the K± → π±A′ decay is not
kinematically suppressed, the π0

D background is absent, and B(A′ → e+e−) ≈ 1 assuming that
the DP decays only into SM fermions. In this mA′ interval, the expected NA48/2 upper limits
have been computed to be in the range ε2 = (0.8 − 1.1) × 10−5 at 90% CL, in agreement with
earlier generic estimates [2, 24]. This sensitivity is not competitive with the existing exclusion
limits.

Conclusions

A search for the dark photon (DP) production in the π0 → γA′ decay followed by the prompt
A′ → e+e− decay has been performed using the data sample collected by the NA48/2 experiment
in 2003–2004. No DP signal is observed, providing new and more stringent upper limits on the
mixing parameter ε2 in the mass range 9–70 MeV/c2. In combination with other experimental
searches, this result rules out the DP as an explanation for the muon (g − 2) measurement
under the assumption that the DP couples to quarks and decays predominantly to SM fermions.
The NA48/2 sensitivity to the dark photon production in the K± → π±A′ decay has also been
evaluated.

12

NA48/2 limits not relevant to a(17) parameter space
decay is forbidden⇡0 ! � a
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No contribution to 𝛥(g-2)𝜇

Intro HVP to (g � 2)µ HLbL to (g � 2)µ Conclusions
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Only  relevance to that I could conceive of is 
if the GeV-scale PQ sector affected the extraction of 

 below 1 GeV 
(a few % change could reconcile the observation and SM prediction of )

(g − 2)μ

σ(e+e− → γ* → hadrons) s =
(g − 2)μ
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which, after taking q
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PQ

/2 = q
d
PQ

= 1 and mu/md =
0.485 ± 0.027 from [69], results in:
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= (�0.02 ± 3) ⇥ 10�3

. (7)

It is clear from (6) and (7) that the axion’s piophobia
is the result of an accidental cancellation in �PT’s lead-
ing order contribution to ✓a⇡. This cancelation stems
from the near numerical coincidence between mu/md and
q

d
PQ

/q
u
PQ

= 1/2.
Unfortunately, �PT’s prediction (7) alone is not pre-

cise enough to be useful. We instead have resort to ob-
servation to determine the allowed range for ✓a⇡ with
better precision. This can be achieved by requiring that
the 3.2 � excess in KTeV’s measurement of �(⇡0

! e
+
e
�)

[44] be the result of ⇡
0

� a mixing, which yields [45]:

✓a⇡|
KTeV

=
(�0.6 ± 0.2)

qe
PQ

⇥ 10�4
. (8)

Given the suppressed value (8) for ✓a⇡, this model

features an atypical hierarchy of mixing angles, ✓a⇡ ⌧

✓a⌘ , ✓a⌘0 , which results in the isoscalar couplings of the
axion dominating its experimental signatures. This ag-
gravates the loss of �PT’s usual predictive power in ax-
ion phenomenology—given its state-of-the-art, �PT can-
not numerically pin down the isoscalar mixing angles
✓a⌘ , ✓a⌘0 with good accuracy. As argued in [45], ✓a⌘ , ✓a⌘0

receive O(1) contributions from operators at O(p4) in the
chiral expansion, many of which have poorly determined
Wilson coefficients.

Any substantive theoretical progress in better deter-
mining the axion’s hadronic couplings is unlikely to be
accomplished anytime soon. Indeed, such efforts might
be superseded by future experimental results which will
be able to either exclude or narrow down the preferred
ranges for the axion’s isoscalar couplings. With this
in mind, in this study we choose to remain agnostic
about their magnitude, and instead simply parametrize
the physical axion current as 8:
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The axionic field a and the neutral meson degrees of free-
dom ⇡3, ⌘ud, and ⌘s in (10) mix amongst themselves to
yield the physical degrees of freedom (i.e., the mass eigen-
states) aphys, ⇡

0, ⌘, and ⌘
0. In particular, the implication

of (9) is that any strong or weak process involving the
currents in (10) will have a corresponding axion signature
for which one of the neutral mesons in the amplitude gets
replaced by aphys properly weighted by the appropriate
mixing angle.

With the parametrization in (9), it is straightforward
to obtain the axion’s couplings to photons and nucleons.

8 We omit the dependence of (9) on ē�µ�5e, which has no bearing
on the axion-meson mixing angles.

Specifically, below the QCD confinement scale, the elec-
tromagnetic anomaly of the physical axion current (9)
leads to:
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The axion’s contribution to (g �2)e stemming from its
couplings to electrons and photons has been worked out
in [45].

Finally, expressing the axion nuclear couplings generi-
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axion dominating its experimental signatures. This ag-
gravates the loss of �PT’s usual predictive power in ax-
ion phenomenology—given its state-of-the-art, �PT can-
not numerically pin down the isoscalar mixing angles
✓a⌘ , ✓a⌘0 with good accuracy. As argued in [45], ✓a⌘ , ✓a⌘0

receive O(1) contributions from operators at O(p4) in the
chiral expansion, many of which have poorly determined
Wilson coefficients.

Any substantive theoretical progress in better deter-
mining the axion’s hadronic couplings is unlikely to be
accomplished anytime soon. Indeed, such efforts might
be superseded by future experimental results which will
be able to either exclude or narrow down the preferred
ranges for the axion’s isoscalar couplings. With this
in mind, in this study we choose to remain agnostic
about their magnitude, and instead simply parametrize
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ū�µ�5u + d̄�µ�5d

2
⌘ f⇡ @µ⌘ud , (10b)

J
(s)
5 µ ⌘

s̄�µ�5s
p

2
⌘ f⇡ @µ⌘s . (10c)

The axionic field a and the neutral meson degrees of free-
dom ⇡3, ⌘ud, and ⌘s in (10) mix amongst themselves to
yield the physical degrees of freedom (i.e., the mass eigen-
states) aphys, ⇡

0, ⌘, and ⌘
0. In particular, the implication

of (9) is that any strong or weak process involving the
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With the parametrization in (9), it is straightforward
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The axion’s contribution to (g �2)e stemming from its
couplings to electrons and photons has been worked out
in [45].

Finally, expressing the axion nuclear couplings generi-
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a(17) electronic couplings

How to probe this MeV axion?
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PADME, Belle II

Dark-photon searches will also probe a(17) through analogous productions processes

NA64, DarkLight, HPS, MAGIX, …

25



a(17) signals in Kaon decays

Most promising channels with Br ∼ 10−6 − 10−9
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Most promising channels with Br ∼ 10−6 − 10−9

"Standard" axionic Kaon decays

"Exotic" multi-axionic Kaon decays
(Hostert and Pospelov, arXiv:2012.02142)
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diate pions, and I(x, y) is the imaginary part of the loop
function. The absorptive part of the amplitude gives an
estimate of the minimum value for this rate. We find

B(KS,L ! aa) >

✓
m2

a
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32⇡F 2
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◆2

B(KS,L ! ⇡0⇡0) (43)

⇥ �1/2(1, r2
a
, r2

a
)�1/2(1, r2
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, r2

⇡
)

'
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2.6 ⇥ 10�7 for KS ,

7.2 ⇥ 10�10 for KL.

While we do not calculate it here, we note that the disper-
sive part of the amplitude may actually give comparable
or larger contribution, with some pieces being enhanced
by a formally large logarithmic factor, ⇠ log(4⇡F⇡/mK).

The KS rates drastically exceed the SM expectation
for KS ! 2(e+e�), but no searches for this decay, with
or without a bump hunt, have been performed. As dis-
cussed in Section II, future e↵orts at LHCb may be capa-
ble of probing this decay mode [48]. With O(10�7�10�6)
branching ratio predicted in this model, even the KLOE
experiment may have sensitivity to KS ! 2a ! 4l.
For the KL decays, the current distributions available
in the KL ! 2(e+e�) measurement by KTEV are not
sensitive to such small branching ratios. This could
change with additional information on invariant mass dis-
tributions and by searching for a double coincidence in
mee = m0

ee
= ma.

3. K ! ⇡⇡aa

Finally, we note that the double axion production can
also happen with two real pions, where again the rate can
estimated by the use of Eq. (38) and existing knowledge
of M(K ! ⇡⇡). We include double axion emission from
the pion lines, which constructively interfere, as well as
from the initial state kaon. The latter destructively in-
terferes with the rest but is sub-dominant. The relevant
vertex is simply MK�K�a�a = (m2

a
/F 2

⇡
)/3. Using the

phase space decomposition in Ref. [72], we compute the
rates for a(17) to find

B(KS ! ⇡+⇡�aa) ' 5 ⇥ 10�9, (44)

B(KL ! ⇡+⇡�aa) ' 1 ⇥ 10�11, (45)

B(K+ ! ⇡+⇡0aa) ' 1 ⇥ 10�9. (46)

Out of the channels above, KS decays are the only
ones that do not compete with large backgrounds from
K ! ⇡⇡⇡0

DD decays in the SM. This six-track signature
appears at rates much below K ! ⇡aa, so we do not
discuss it further.

B. Triple axion production

The non-linear structure of the QCD axion interactions
does not stop at 2a � 2⇡ vertex, and can induce multi-
ple production of a. Indeed, since fa is not particularly

large, higher order terms in a can also be important. We
notice that there is sizable triple production of axions in
⇡0, ⌘, KL ! 3a. The decays of ⌘ and KL may depend
on details of ChPT and/or interference of several contri-
butions. However, the decays of ⇡0 ! 3a ! 6l can be
predicted with no free parameters, other than the mass
of an axion.

The ⇡0a3 interaction survives even in the extreme “pio-
phobic” case, mu = md/2 and Qd = Qu/2 = 1, and
can be easily computed from the axion-dependent chiral
Lagrangian. Expanding it to an appropriate order, we
get

La = ... +
1

6

m2
a

F⇡fa

a3⇡0 + (a3⌘8, a
3⌘s terms). (47)

This immediately leads to the following prediction:

B(⇡0 ! 3a ! 3(e+e�))
��
ma=17 MeV

= 1.0 ⇥ 10�3. (48)

It would be appropriate to say that this is a gigantic
rate, and it would be indeed the third largest branch-
ing after ��(0.99) and �e+e�(0.01), exceeding the SM
double-Dalitz decay by a factor of 30. We believe that
such a large rate should have been noticed, e.g. in the
studies of ⇡0 ! 2(e+e�) via capture of ⇡� [73]. (In
that work, double-Dalitz and single-Dalitz decays were
observed by human examination of photographs from a
bubble chamber, and missing very frequent 6-track de-
cays seems implausible.)

On the other hand, we could not find any immediate
exclusion of such a large exotic rate based on existing
searches. When the rate of ⇡0 decay to six leptons is that
high, it would most certainly create new sources of back-
ground to many other rare radiative decay searches, of K-
mesons in particular. What seems not controversial, how-
ever, is that a dedicated searches in a large and controlled
sample of ⇡0, either from K decays or ⇡�p conversion,
should be unambiguously settle this issue. Other promis-
ing way to study 3a decay modes of ⇡0 would be via pro-
duction of vector resonances at e+e� machines. For ex-
ample, the branching of ' ! ⇡+⇡�⇡0 ! ⇡+⇡�3(e+e�)
is expected to be 1.5⇥10�4 for a(17), which will result in
a large number of events at KLOE. Other examples may
include ⌧+⌧� pairs at B-factories, which produce ⇡0 in
25% of events.

Finally, although less controlled, neutrino experiments
also o↵er large samples of ⇡0 events, as for example
MiniBooNE [74], where we estimate a total number of
⇠ 1.7 ⇥ 105 neutral pions were produced in neutrino
scattering given the latest number of protons on tar-
get [75]. Other detectors with improved particle iden-
tification may be more suitable for dedicated searches,
such as NOMAD [76] and µBooNE [77], where we expect
a total of O(3 ⇥ 104) neutrino-induced ⇡0’s in their full
exposure.
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sequence of the generation of the axion mass from the
vacuum condensate. Expanding the chiral Lagrangian in
the axion field, we find the vertices

Laa⇡⇡ � m2
a

4F 2
⇡

aa⇡0⇡0 +
m2

a

2F 2
⇡

aa⇡+⇡� + O
 

m2
q

f2
a

,
F 2

⇡

f2
a

!
,

(37)

where mq are light quark masses and F⇡ ' 93 MeV.
Therefore, the a � a � ⇡ � ⇡ vertex is simply given by

m2
a

F 2
⇡

= 0.033 ⇥
⇣ ma

17 MeV

⌘2
, (38)

which is a relatively mild suppression in the case of a(17)
(e.g. if compared to the pion-axion mixing that Ref. [30]
takes below 10�3 level). This vertex will give rise to
several channels with double axion production.

A. Double axion production in kaon decays

1. K ! ⇡aa

The rate for KL ! ⇡0aa can be calculated under the
assumption of pion pole dominance. This is analogous
to the procedure to calculate KL ! �� decays in the
SM, where good agreement with data is observed [65, 66]
(see also the reviews in [67, 68]). Assuming leading
order ChPT operator responsible for K ! 2⇡ decays,
one extracts the value for the mixing matrix element
MKL�⇡0 = �0.07 MeV2 [65, 66], which can be applied
to compute the full amplitude,

MKL!⇡0aa =
MKL�⇡0

m2
KL

� m2
⇡0

⇥ m2
a

F 2
⇡

. (39)

In principle, K �K �a�a vertex followed by K �⇡ mix-
ing will also contribute, but in the limit mK � m⇡ the
emission from the pion line is expected to be dominant.
A trivial integration over phase space yields,

B(KL ! ⇡0aa) ' 7 ⇥ 10�5, (40)

where ma = 17MeV was used. This is significantly above
expectation in the SM and well within reach of experi-
mental searches. In fact, given such large rates, it is not
inconceivable that an inclusive search for 4 charged tracks
with 6 energy clusters in the electromagnetic calorimeter
of KOTO would be sensitive to such values. Additional
information on the 4 charged tracks momenta to recon-
struct the a(17) masses and reduce KL ! ⇡0⇡0

D⇡0
D back-

grounds (at an expected rate of B ⇠ O(6 ⇥ 10�5)) would
be important, but not necessarily required, depending on
the photon detection ine�ciencies.

Generalizing the same calculation to the K+ ! ⇡+aa
decay, and for ma = 17MeV we find

B(K+ ! ⇡+aa) ' 1.7 ⇥ 10�5, (41)

where the smaller branching compared to KL case is sim-
ply due to a shorter lifetime of K+. A background to this
process may come from e.g. K+ ! ⇡+⇡0

DD where ⇡0
DD

stands for ⇡0 undergoing double-Dalitz decay to four lep-
tons. The rate for such a process is ⇠ 7 ⇥ 10�6, smaller
than the expected signals from 2a(17) decay mode. It
can be further removed with m4l � 150 MeV cut.

The calculations above assume the dominance of K�⇡
mixing, that follows from the assumption that leading
order ChPT operator ⇠ G8 dominates the diagrams [68].
One can question whether this assumption is valid, and
how these predictions may change if it is not correct.
In connection with a(17), this was recently discussed in
Ref. [30]. If for some reasons K � ⇡ mixing diagram
is suppressed, there is a way of estimating lower bound
on B(K ! ⇡aa) using theoretical analysis developed for
e.g. KL ! ⇡0�� [69, 70]. Starting from physical K !
3⇡ amplitudes, one can construct the pion loop induced
K ! ⇡aa. The loop will have the absorptive part, giving
a model-independent lower limit on the branching ratio.
While analyzing “small G8” limit is beyond the scope
of this work, we note that such absorptive limit will be
in the range of B(KL ! ⇡0aa) ⇠ 10�7, which is firmly
within current experimental capabilities.

2. K ! aa

Yet another smoking gun signature of a(17) are decays
of the type KS,L ! aa. Again on the theme of large ⇡2a2

interactions, we argue that this decay proceeds primarily
through the one pion loop in K ! ⇡⇡ ! aa. Owing
to the on-shell K ! ⇡⇡ decays, the amplitude has both
absorptive and dispersive parts. While the calculation
of the dispersive part could be somewhat involved due
to possible interplay of long- and short distance contri-
butions, intermediate � etc mesons in the long-distance
amplitude, the calculation of the absorptive part is in
some sense more robust. Also, based on the experience
with other decays that develop imaginary part to the am-
plitude, such as ⇡0 ! e+e�, KL ! µ+µ�, ⌘ ! µ+µ�, it
is often the case that contribution of the imaginary part
to the decay rate is comparable or larger than that of
the real part. In the past, the pion loops, giving both
real and imaginary parts to the amplitude, were used to
derive KS ! �� decay rates, with satisfactory results,
see e.g. Ref. [71].

The absorptive part of the amplitudes factorizes into
a loop function times MK!⇡0⇡0 , which can be extracted
from data, and M⇡0⇡0!aa, which is calculable, with
a twice larger result for a charged pion intermediate
state. Ignoring possible modifications from the strong
re-scattering phases for the 2-pion system, we get the
following estimate for the absorptive amplitude:

MK!aa,abs = MK!⇡0⇡0
m2

a

F 2
⇡

N⇡

2
⇥ I(m⇡, mK), (42)

where F⇡ ' 93 MeV, N⇡ = 3 is the number of interme-
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sequence of the generation of the axion mass from the
vacuum condensate. Expanding the chiral Lagrangian in
the axion field, we find the vertices

Laa⇡⇡ � m2
a

4F 2
⇡

aa⇡0⇡0 +
m2

a

2F 2
⇡

aa⇡+⇡� + O
 

m2
q

f2
a

,
F 2

⇡

f2
a

!
,

(37)

where mq are light quark masses and F⇡ ' 93 MeV.
Therefore, the a � a � ⇡ � ⇡ vertex is simply given by

m2
a

F 2
⇡

= 0.033 ⇥
⇣ ma

17 MeV

⌘2
, (38)

which is a relatively mild suppression in the case of a(17)
(e.g. if compared to the pion-axion mixing that Ref. [30]
takes below 10�3 level). This vertex will give rise to
several channels with double axion production.

A. Double axion production in kaon decays

1. K ! ⇡aa

The rate for KL ! ⇡0aa can be calculated under the
assumption of pion pole dominance. This is analogous
to the procedure to calculate KL ! �� decays in the
SM, where good agreement with data is observed [65, 66]
(see also the reviews in [67, 68]). Assuming leading
order ChPT operator responsible for K ! 2⇡ decays,
one extracts the value for the mixing matrix element
MKL�⇡0 = �0.07 MeV2 [65, 66], which can be applied
to compute the full amplitude,

MKL!⇡0aa =
MKL�⇡0

m2
KL

� m2
⇡0

⇥ m2
a

F 2
⇡

. (39)

In principle, K �K �a�a vertex followed by K �⇡ mix-
ing will also contribute, but in the limit mK � m⇡ the
emission from the pion line is expected to be dominant.
A trivial integration over phase space yields,

B(KL ! ⇡0aa) ' 7 ⇥ 10�5, (40)

where ma = 17MeV was used. This is significantly above
expectation in the SM and well within reach of experi-
mental searches. In fact, given such large rates, it is not
inconceivable that an inclusive search for 4 charged tracks
with 6 energy clusters in the electromagnetic calorimeter
of KOTO would be sensitive to such values. Additional
information on the 4 charged tracks momenta to recon-
struct the a(17) masses and reduce KL ! ⇡0⇡0

D⇡0
D back-

grounds (at an expected rate of B ⇠ O(6 ⇥ 10�5)) would
be important, but not necessarily required, depending on
the photon detection ine�ciencies.

Generalizing the same calculation to the K+ ! ⇡+aa
decay, and for ma = 17MeV we find

B(K+ ! ⇡+aa) ' 1.7 ⇥ 10�5, (41)

where the smaller branching compared to KL case is sim-
ply due to a shorter lifetime of K+. A background to this
process may come from e.g. K+ ! ⇡+⇡0

DD where ⇡0
DD

stands for ⇡0 undergoing double-Dalitz decay to four lep-
tons. The rate for such a process is ⇠ 7 ⇥ 10�6, smaller
than the expected signals from 2a(17) decay mode. It
can be further removed with m4l � 150 MeV cut.

The calculations above assume the dominance of K�⇡
mixing, that follows from the assumption that leading
order ChPT operator ⇠ G8 dominates the diagrams [68].
One can question whether this assumption is valid, and
how these predictions may change if it is not correct.
In connection with a(17), this was recently discussed in
Ref. [30]. If for some reasons K � ⇡ mixing diagram
is suppressed, there is a way of estimating lower bound
on B(K ! ⇡aa) using theoretical analysis developed for
e.g. KL ! ⇡0�� [69, 70]. Starting from physical K !
3⇡ amplitudes, one can construct the pion loop induced
K ! ⇡aa. The loop will have the absorptive part, giving
a model-independent lower limit on the branching ratio.
While analyzing “small G8” limit is beyond the scope
of this work, we note that such absorptive limit will be
in the range of B(KL ! ⇡0aa) ⇠ 10�7, which is firmly
within current experimental capabilities.

2. K ! aa

Yet another smoking gun signature of a(17) are decays
of the type KS,L ! aa. Again on the theme of large ⇡2a2

interactions, we argue that this decay proceeds primarily
through the one pion loop in K ! ⇡⇡ ! aa. Owing
to the on-shell K ! ⇡⇡ decays, the amplitude has both
absorptive and dispersive parts. While the calculation
of the dispersive part could be somewhat involved due
to possible interplay of long- and short distance contri-
butions, intermediate � etc mesons in the long-distance
amplitude, the calculation of the absorptive part is in
some sense more robust. Also, based on the experience
with other decays that develop imaginary part to the am-
plitude, such as ⇡0 ! e+e�, KL ! µ+µ�, ⌘ ! µ+µ�, it
is often the case that contribution of the imaginary part
to the decay rate is comparable or larger than that of
the real part. In the past, the pion loops, giving both
real and imaginary parts to the amplitude, were used to
derive KS ! �� decay rates, with satisfactory results,
see e.g. Ref. [71].

The absorptive part of the amplitudes factorizes into
a loop function times MK!⇡0⇡0 , which can be extracted
from data, and M⇡0⇡0!aa, which is calculable, with
a twice larger result for a charged pion intermediate
state. Ignoring possible modifications from the strong
re-scattering phases for the 2-pion system, we get the
following estimate for the absorptive amplitude:

MK!aa,abs = MK!⇡0⇡0
m2

a

F 2
⇡

N⇡

2
⇥ I(m⇡, mK), (42)

where F⇡ ' 93 MeV, N⇡ = 3 is the number of interme-

K+ ! ⇡+a, KL,S ! ⇡0a, K+ ! `+⌫ a, K+ ! ⇡+⇡0a, KL ! ⇡⇡a, KL(! a⇤) ! e+e�
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FIG. 3. Diagrams of kaon decay probes of the 17 MeV axion.
We show the two multi-lepton kaon decay signatures arising
from the a� a� ⇡0

� ⇡0 vertex.

⇡04(e+e�). The rates are still given by Eq. (10), where
now ✓ ! ✓Sh. One advantage of such decays is that ✓Sh

is not constrained by SM Higgs decays, and may be much
larger than ✓. In the absence of dedicated experimental
searches, it is di�cult to speculate how large a branching
these decays may have within existing datasets.

The dark neutrino sector in Eq. (17) also admits, and
to a certain extent calls for, the existence of at least a
pair of HNLs. If both of these states are kinematically
accessible below the kaon mass and heavier than the dark
bosons, then several inter-generational decay chains can
take place. With two generations, one already expects
decays with 5, 7, and 9 charged leptons,

K+ ! `+
�
N 0 ! N�d ! ⌫�d�d ! ⌫2(e+e�)

�
, (33)

K+ ! `+
�
N 0 ! N�d ! ⌫�dhd ! ⌫3(e+e�)

�
, (34)

K+ ! `+
�
N 0 ! Nhd ! ⌫hdhd ! ⌫4(e+e�)

�
, (35)

where all the dark resonance masses are, in principle,
measurable. Similar decay chains can proceed via scalar
portal decays K ! ⇡hd ! ⇡N 0N (0) pairs, with yielding
up to four (e+e�) pairs. The latter decays are expected
in more generic DS models with multiple generations of
fermions that may or may not mix with neutrinos, and
which are heavier than the dark bosons.

Other multi-lepton final states from dark hig-
gstrahlung, �d

⇤ ! �dhd, are also unavoidable in such
DS models, but do not appear at interesting branching
ratios (see Appendix B).

IV. MULTIPLE PRODUCTION OF MEV-SCALE
AXIONS

The QCD axion provides an elegant solution to the
strong CP problem in the SM. In general terms, the
axion is the pseudo-Nambu-Goldstone (pNG) boson of
a global U(1)PQ Peccei-Quinn (PQ) symmetry, sponta-
neously broken at a scale fa. In minimal models, the
QCD axion mass is generated via non-perturbative ef-
fects as ma / m⇡F⇡/fa.

Even though most variations of the PQ mechanism
with ma in the MeV scale are excluded, Refs. [29, 30]
propose that axions that are pio-phobic and muonpho-
bic are still allowed. This is mostly due to the uncer-
tainties in the axio-hadronic couplings as obtained from
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FIG. 4. Diagrams of pion probes of the 17 MeV axion. On
the top row we show the two rare pion decay signatures, the
left one arising from the a�a�a�⇡0 vertex and the right one
from the coupling of the a(17) to electrons. On the bottom
we also show the double axion production in pion capture by
free protons (p) or deuterons (D).

chiral perturbation theory (ChPT). While building a self-
consistent and UV-complete model for such an axion that
would pass all experimental constraints and theoretical
consistency checks remain a challenge, the model is worth
addressing, as it may give explanation to some intriguing
experimental anomalies.

In particular, Ref. [30] speculates if MeV-scale axions
are electrophilic and have a mass of 16.8 MeV, they
are able to explain the anomaly in the e+e� angular
spectrum observed in 8Be nuclear de-excitation by the
ATOMKI experiment [62], at a significance of 6.8�. This
explanation, according to Ref. [30], is also corroborated
by similar observations in 4He nuclear transitions at a
significance of 7.2� [63] and by a longstanding 2 � 3.2�
discrepancy in the KTEV ⇡0 ! e+e� measurement [64].
While the explanation for such experimental anomalies
may very well be mundane, their a(17) interpretation will
serve to us as a motivation to consider the impact of this
particle on kaon decays. As we will show, if such par-
ticle exists, it would lead to extraordinary signatures in
K ! (⇡)4e and K ! 2⇡ 6e data, with a double and triple
coincidence in e+e� invariant masses, respectively.

The couplings of a(17) to matter are determined by
the PQ charges of the SM fermions. In the IR, one can
proceed to compute observables by considering the ax-
ion as an axial rotation on the fermion masses, m !
m ei�5q

 
P Qa/fa , and following the assumption of pio-

phobia, we set qd

PQ
/2 = qu

PQ
= 1 and mu = md/2, and

keep qe

PQ
floating. The axion decays predominantly via

a ! e+e� with a lifetime of

c⌧0
a

' 1.2 µm

(qe

PQ
)2

✓
17 MeV

ma

◆✓
fa

1.03 GeV

◆2

(36)

which can be safely assumed to be prompt for all kaon
experiments.

In addition to the axion coupling to electron, we point
out an axio-hadronic vertex that is an unavoidable con-

8

<latexit sha1_base64="sLJthRVyTOlRIl7K/+vSSPnzNkE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix6Eby0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKNXjNM=</latexit>

K

<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡ <latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a

<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

<latexit sha1_base64="sLJthRVyTOlRIl7K/+vSSPnzNkE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix6Eby0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKNXjNM=</latexit>

K

<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a

<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a

<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡
<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a

<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

<latexit sha1_base64="PdPYhNHoT0qHx6NOUCD+xejOdQE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUwH654lbdOcgq8XJSgRz1fvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n80Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmRD8JZfXiWti6p3VXUbl5XabR5HEU7gFM7Bg2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8Ayr+M7Q==</latexit>e

<latexit sha1_base64="s5dhhhbC5UaI/1CuMG/cFijT+Cs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2A1jds=</latexit>⌫

<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a
<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a
<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

<latexit sha1_base64="Zp9ye8VFCeI7DdaMc6RPw3gXWWI=">AAAB7nicbVBNSwMxEJ2tX7V+rXr0EixCBSm7ouixqAePFewHtEvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtPG8b6ewsrq2vlHcLG1t7+zuufsHTZ2kitAGSXii2iHWlDNBG4YZTttSURyHnLbC0e3Ubz1RpVkiHs1Y0iDGA8EiRrCxUkt2z1Dl7rTnlr2qNwNaJn5OypCj3nO/uv2EpDEVhnCsdcf3pAkyrAwjnE5K3VRTickID2jHUoFjqoNsdu4EnVilj6JE2RIGzdTfExmOtR7Hoe2MsRnqRW8q/ud1UhNdBxkTMjVUkPmiKOXIJGj6O+ozRYnhY0swUczeisgQK0yMTahkQ/AXX14mzfOqf1n1Hi7KtZs8jiIcwTFUwIcrqME91KEBBEbwDK/w5kjnxXl3PuatBSefOYQ/cD5/AJ+SjnE=</latexit>

p (D)
<latexit sha1_base64="tiUdnyOhvnlznGys7nSbC3LDh2Y=">AAAB8HicbVBNSwMxEJ2tX7V+rXr0EixCBSm7ouix6MVjBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhQln2njet1NYWV1b3yhulra2d3b33P2Dpo5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh6Hbqt56o0iyWD2ac0EDggWQRI9hY6VGi7hmqSHnac8te1ZsBLRM/J2XIUe+5X91+TFJBpSEca93xvcQEGVaGEU4npW6qaYLJCA9ox1KJBdVBNjt4gk6s0kdRrGxJg2bq74kMC63HIrSdApuhXvSm4n9eJzXRdZAxmaSGSjJfFKUcmRhNv0d9pigxfGwJJorZWxEZYoWJsRmVbAj+4svLpHle9S+r3v1FuXaTx1GEIziGCvhwBTW4gzo0gICAZ3iFN0c5L8678zFvLTj5zCH8gfP5AwDwjzs=</latexit>

n (nn)

FIG. 3. Diagrams of kaon decay probes of the 17 MeV axion.
We show the two multi-lepton kaon decay signatures arising
from the a� a� ⇡0

� ⇡0 vertex.

⇡04(e+e�). The rates are still given by Eq. (10), where
now ✓ ! ✓Sh. One advantage of such decays is that ✓Sh

is not constrained by SM Higgs decays, and may be much
larger than ✓. In the absence of dedicated experimental
searches, it is di�cult to speculate how large a branching
these decays may have within existing datasets.

The dark neutrino sector in Eq. (17) also admits, and
to a certain extent calls for, the existence of at least a
pair of HNLs. If both of these states are kinematically
accessible below the kaon mass and heavier than the dark
bosons, then several inter-generational decay chains can
take place. With two generations, one already expects
decays with 5, 7, and 9 charged leptons,

K+ ! `+
�
N 0 ! N�d ! ⌫�d�d ! ⌫2(e+e�)

�
, (33)

K+ ! `+
�
N 0 ! N�d ! ⌫�dhd ! ⌫3(e+e�)

�
, (34)

K+ ! `+
�
N 0 ! Nhd ! ⌫hdhd ! ⌫4(e+e�)

�
, (35)

where all the dark resonance masses are, in principle,
measurable. Similar decay chains can proceed via scalar
portal decays K ! ⇡hd ! ⇡N 0N (0) pairs, with yielding
up to four (e+e�) pairs. The latter decays are expected
in more generic DS models with multiple generations of
fermions that may or may not mix with neutrinos, and
which are heavier than the dark bosons.

Other multi-lepton final states from dark hig-
gstrahlung, �d

⇤ ! �dhd, are also unavoidable in such
DS models, but do not appear at interesting branching
ratios (see Appendix B).

IV. MULTIPLE PRODUCTION OF MEV-SCALE
AXIONS

The QCD axion provides an elegant solution to the
strong CP problem in the SM. In general terms, the
axion is the pseudo-Nambu-Goldstone (pNG) boson of
a global U(1)PQ Peccei-Quinn (PQ) symmetry, sponta-
neously broken at a scale fa. In minimal models, the
QCD axion mass is generated via non-perturbative ef-
fects as ma / m⇡F⇡/fa.

Even though most variations of the PQ mechanism
with ma in the MeV scale are excluded, Refs. [29, 30]
propose that axions that are pio-phobic and muonpho-
bic are still allowed. This is mostly due to the uncer-
tainties in the axio-hadronic couplings as obtained from
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<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a
<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

<latexit sha1_base64="Zp9ye8VFCeI7DdaMc6RPw3gXWWI=">AAAB7nicbVBNSwMxEJ2tX7V+rXr0EixCBSm7ouixqAePFewHtEvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtPG8b6ewsrq2vlHcLG1t7+zuufsHTZ2kitAGSXii2iHWlDNBG4YZTttSURyHnLbC0e3Ubz1RpVkiHs1Y0iDGA8EiRrCxUkt2z1Dl7rTnlr2qNwNaJn5OypCj3nO/uv2EpDEVhnCsdcf3pAkyrAwjnE5K3VRTickID2jHUoFjqoNsdu4EnVilj6JE2RIGzdTfExmOtR7Hoe2MsRnqRW8q/ud1UhNdBxkTMjVUkPmiKOXIJGj6O+ozRYnhY0swUczeisgQK0yMTahkQ/AXX14mzfOqf1n1Hi7KtZs8jiIcwTFUwIcrqME91KEBBEbwDK/w5kjnxXl3PuatBSefOYQ/cD5/AJ+SjnE=</latexit>

p (D)
<latexit sha1_base64="tiUdnyOhvnlznGys7nSbC3LDh2Y=">AAAB8HicbVBNSwMxEJ2tX7V+rXr0EixCBSm7ouix6MVjBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhQln2njet1NYWV1b3yhulra2d3b33P2Dpo5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh6Hbqt56o0iyWD2ac0EDggWQRI9hY6VGi7hmqSHnac8te1ZsBLRM/J2XIUe+5X91+TFJBpSEca93xvcQEGVaGEU4npW6qaYLJCA9ox1KJBdVBNjt4gk6s0kdRrGxJg2bq74kMC63HIrSdApuhXvSm4n9eJzXRdZAxmaSGSjJfFKUcmRhNv0d9pigxfGwJJorZWxEZYoWJsRmVbAj+4svLpHle9S+r3v1FuXaTx1GEIziGCvhwBTW4gzo0gICAZ3iFN0c5L8678zFvLTj5zCH8gfP5AwDwjzs=</latexit>

n (nn)

<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a

<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a

<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a

<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a

<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

<latexit sha1_base64="PdPYhNHoT0qHx6NOUCD+xejOdQE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUwH654lbdOcgq8XJSgRz1fvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n80Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmRD8JZfXiWti6p3VXUbl5XabR5HEU7gFM7Bg2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8Ayr+M7Q==</latexit>e

<latexit sha1_base64="s5dhhhbC5UaI/1CuMG/cFijT+Cs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2A1jds=</latexit>⌫

<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a
<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a
<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

<latexit sha1_base64="Zp9ye8VFCeI7DdaMc6RPw3gXWWI=">AAAB7nicbVBNSwMxEJ2tX7V+rXr0EixCBSm7ouixqAePFewHtEvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtPG8b6ewsrq2vlHcLG1t7+zuufsHTZ2kitAGSXii2iHWlDNBG4YZTttSURyHnLbC0e3Ubz1RpVkiHs1Y0iDGA8EiRrCxUkt2z1Dl7rTnlr2qNwNaJn5OypCj3nO/uv2EpDEVhnCsdcf3pAkyrAwjnE5K3VRTickID2jHUoFjqoNsdu4EnVilj6JE2RIGzdTfExmOtR7Hoe2MsRnqRW8q/ud1UhNdBxkTMjVUkPmiKOXIJGj6O+ozRYnhY0swUczeisgQK0yMTahkQ/AXX14mzfOqf1n1Hi7KtZs8jiIcwTFUwIcrqME91KEBBEbwDK/w5kjnxXl3PuatBSefOYQ/cD5/AJ+SjnE=</latexit>

p (D)
<latexit sha1_base64="tiUdnyOhvnlznGys7nSbC3LDh2Y=">AAAB8HicbVBNSwMxEJ2tX7V+rXr0EixCBSm7ouix6MVjBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhQln2njet1NYWV1b3yhulra2d3b33P2Dpo5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh6Hbqt56o0iyWD2ac0EDggWQRI9hY6VGi7hmqSHnac8te1ZsBLRM/J2XIUe+5X91+TFJBpSEca93xvcQEGVaGEU4npW6qaYLJCA9ox1KJBdVBNjt4gk6s0kdRrGxJg2bq74kMC63HIrSdApuhXvSm4n9eJzXRdZAxmaSGSjJfFKUcmRhNv0d9pigxfGwJJorZWxEZYoWJsRmVbAj+4svLpHle9S+r3v1FuXaTx1GEIziGCvhwBTW4gzo0gICAZ3iFN0c5L8678zFvLTj5zCH8gfP5AwDwjzs=</latexit>

n (nn)

<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a

<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a

<latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a

FIG. 4. Diagrams of pion probes of the 17 MeV axion. On
the top row we show the two rare pion decay signatures, the
left one arising from the a�a�a�⇡0 vertex and the right one
from the coupling of the a(17) to electrons. On the bottom
we also show the double axion production in pion capture by
free protons (p) or deuterons (D).

chiral perturbation theory (ChPT). While building a self-
consistent and UV-complete model for such an axion that
would pass all experimental constraints and theoretical
consistency checks remain a challenge, the model is worth
addressing, as it may give explanation to some intriguing
experimental anomalies.

In particular, Ref. [30] speculates if MeV-scale axions
are electrophilic and have a mass of 16.8 MeV, they
are able to explain the anomaly in the e+e� angular
spectrum observed in 8Be nuclear de-excitation by the
ATOMKI experiment [62], at a significance of 6.8�. This
explanation, according to Ref. [30], is also corroborated
by similar observations in 4He nuclear transitions at a
significance of 7.2� [63] and by a longstanding 2 � 3.2�
discrepancy in the KTEV ⇡0 ! e+e� measurement [64].
While the explanation for such experimental anomalies
may very well be mundane, their a(17) interpretation will
serve to us as a motivation to consider the impact of this
particle on kaon decays. As we will show, if such par-
ticle exists, it would lead to extraordinary signatures in
K ! (⇡)4e and K ! 2⇡ 6e data, with a double and triple
coincidence in e+e� invariant masses, respectively.

The couplings of a(17) to matter are determined by
the PQ charges of the SM fermions. In the IR, one can
proceed to compute observables by considering the ax-
ion as an axial rotation on the fermion masses, m !
m ei�5q

 
P Qa/fa , and following the assumption of pio-

phobia, we set qd

PQ
/2 = qu

PQ
= 1 and mu = md/2, and

keep qe

PQ
floating. The axion decays predominantly via

a ! e+e� with a lifetime of

c⌧0
a

' 1.2 µm

(qe

PQ
)2

✓
17 MeV

ma

◆✓
fa

1.03 GeV

◆2

(36)

which can be safely assumed to be prompt for all kaon
experiments.

In addition to the axion coupling to electron, we point
out an axio-hadronic vertex that is an unavoidable con-

a(17) signals in Kaon decays
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bands in Fig. 1. This weakens the case for a nuclear physics origin of the observed features
in the me+e� spectra of these transitions [97]. And the fact that “unexplained” features
are absent in the me+e� spectrum of several other measured transitions—(3.1a) being one
example—also makes it less straightforward to “explain away” the observed excesses as
poorly understood experimental systematics. We therefore reiterate our point, stated in
the Introduction (Sec. 1), that the anomalies in 8Be and 4He transitions, and their quan-
titative compatibility with predicted signals from the QCD axion, should not be quickly
dismissed. A cautiously optimistic attitude and support for an independent verification of
these measurements are certainly warranted, as well as further exploration of other isoscalar
magnetic nuclear transitions with �E & 17 MeV, and radiative ⇡

+
/p/n capture reactions

with significant magnetic components [98].

4 ⌘ and ⌘0 decays

In light of the anomalies in nuclear de-excitations discussed in the previous section,
a natural next step is to investigate other systems where the hadronic couplings of the
piophobic QCD axion could be more precisely determined or more stringently constrained.
In this section we consider rare decays of ⌘ and ⌘

0 mesons, which, with the prospect of future
⌘/⌘

0 factories, could become powerful future probes of axions and hadronically coupled
ALPs more generally [99]. These include the second phase of the JLab Eta Factory (JEF)
program [100], expected to improve existing bounds on rare ⌘ decays by two orders of
magnitude, and the REDTOP experiment [101, 102], a planned ⌘/⌘

0 factory projected to
deliver as many as 1013 ⌘ mesons and 1011 ⌘

0 mesons. These will offer an unprecedented
opportunity to study rare ⌘/⌘

0 decays and probe BSM physics.

4.1 Di-electronic ⌘ and ⌘
0
decays

Just as the precise KTeV measurement of ⇡
0

! e
+
e
� offered the best determination of

✓a⇡, future observations of ⌘ ! e
+
e
� and ⌘

0
! e

+
e
� could narrow down the ranges for the

axion isoscalar mixing angles ✓a⌘ud
and ✓a⌘s . Present bounds on these dileptonic branching

ratios [103, 104] are still two orders of magnitude away from sensitivity to the predicted
SM rate [105–107]:

Br(⌘ ! e
+
e
�)exp < 7 ⇥ 10�7

, (4.1a)
Br(⌘ ! e

+
e
�)SM ⇡ (4.6 � 5.4) ⇥ 10�9

, (4.1b)

and

Br(⌘0 ! e
+
e
�)exp < 0.56 ⇥ 10�8

, (4.2a)
Br(⌘0 ! e

+
e
�)SM ⇡ (1 � 2) ⇥ 10�10

. (4.2b)

Indeed, the highly suppressed SM contribution to these dileptonic channels makes them
potentially sensitive to a variety of interesting new physics scenarios.
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Figure 1. Fits, constraints, and sensitivity projections in the parameter space of the axion isoscalar
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ud
and ✓a⌘s

.
The orange and yellow bands enclose the range of isoscalar mixing angles that can explain the 8Be
and 4He anomalies, respectively, benchmarking �u + �d and �s to the values shown; cf. (3.8,
3.16). The shaded gray regions are excluded by the conservative upper bound Br(K+
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= 1/2; cf. (4.1a, 4.2a). The dashed gray (red) lines show the expected
reach from measurements of (or bounds on) ⌘

0(⌘) ! e
+
e
�, assuming that future experiments will

have sensitivity to the branching ratios predicted in the SM, (4.1b) and (4.2b), with O(1) precision.
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Dashed lines assume that axionic and SM contributions to e+e- decay amplitude are comparable 

a(17) signals in  and  decaysη η′ 

Di-electronic decay widths of η, ηʹ (which have not yet been
observed) can be substantially modified by a-η and a-ηʹ mixing 

28



a(17) signals in  and  decaysη η′ 

0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.201¥ 10-4

5¥ 10-4

0.001

0.005

0.01

0.05

»c̀d» H = »c̀m»L

Br
@hH
'L Æ

p0
p0

aD

1ê
2
¥
Br
@hH
'L Æ

p+
p-

aD

h

h'

ma = 16.7 MeV

⌘(0)

a

⌘(0)

a

⌘(0)

a

f0+ +
a0⇡

⇡

⇡

⇡
⇡

⇡from 𝝌PT at LO
f⇡
2

bcd

<latexit sha1_base64="zVXSSLB7j6+tzXIVyXNVz54Uf5E="></latexit>

f⇡
2

bcm

<latexit sha1_base64="nuAUa7O508+bi6ifb2QsjH6tMDE=">AAACB3icdVDLSsNAFJ3UV62vqEtBBovgQkLSRtruim5cVrAPaEKYTCft0MmDmYlSQnZu/BU3LhRx6y+482+cPgQVPXDhcM693HuPnzAqpGl+aIWl5ZXVteJ6aWNza3tH393riDjlmLRxzGLe85EgjEakLalkpJdwgkKfka4/vpj63RvCBY2jazlJiBuiYUQDipFUkqcfOgFHOAs8J6F5VsmdU+eWDsgIyQznXujpZdOo1RoVuwpNw5xBkWq9UW3Y0FooZbBAy9PfnUGM05BEEjMkRN8yE+lmiEuKGclLTipIgvAYDUlf0QiFRLjZ7I8cHitlAIOYq4oknKnfJzIUCjEJfdUZIjkSv72p+JfXT2VQdzMaJakkEZ4vClIGZQynocAB5QRLNlEEYU7VrRCPkApGquhKKoSvT+H/pFMxLNs4u7LLzfNFHEVwAI7ACbBADTTBJWiBNsDgDjyAJ/Cs3WuP2ov2Om8taIuZffAD2tsnJYuaKA==</latexit>

f0(980)

<latexit sha1_base64="KgkmFLg+9N//kcaMd+60u2dojRg=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BItQL2VXKtZb0YvHCvYD2qVk02wbms2uSVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZ58eCa+M43yi3tr6xuZXfLuzs7u0fFA+PWjpKFGVNGolIdXyimeCSNQ03gnVixUjoC9b2x7czv/3ElOaRfDCTmHkhGUoecEqMlTpB3ylf15zzfrHkVJw58CpxM1KCDI1+8as3iGgSMmmoIFp3XSc2XkqU4VSwaaGXaBYTOiZD1rVUkpBpL53fO8VnVhngIFK2pMFz9fdESkKtJ6FvO0NiRnrZm4n/ed3EBDUv5TJODJN0sShIBDYRnj2PB1wxasTEEkIVt7diOiKKUGMjKtgQ3OWXV0nrouJWK5f31VL9JosjDydwCmVw4QrqcAcNaAIFAc/wCm/oEb2gd/SxaM2hbOYY/gB9/gAfjo65</latexit>

a0(980)

<latexit sha1_base64="Al3DmYuH+VCUyQCvsKh+h9CDh18=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BItQL2VXKtZb0YvHCvYD2qVk02wbms2uSVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZ58eCa+M43yi3tr6xuZXfLuzs7u0fFA+PWjpKFGVNGolIdXyimeCSNQ03gnVixUjoC9b2x7czv/3ElOaRfDCTmHkhGUoecEqMlTqk75Sva855v1hyKs4ceJW4GSlBhka/+NUbRDQJmTRUEK27rhMbLyXKcCrYtNBLNIsJHZMh61oqSci0l87vneIzqwxwEClb0uC5+nsiJaHWk9C3nSExI73szcT/vG5igpqXchknhkm6WBQkApsIz57HA64YNWJiCaGK21sxHRFFqLERFWwI7vLLq6R1UXGrlcv7aql+k8WRhxM4hTK4cAV1uIMGNIGCgGd4hTf0iF7QO/pYtOZQNnMMf4A+fwAX1460</latexit>

bcd bcm > 0|bcd| = |bcm| = 1

In the large Nc limit, the R𝝌T couplings 
are expected to satisfy:

and

Large variation in the estimated branching 
ratios due to destructive interference between 
quartic and resonance exchange amplitudes

Ecker et al., NPB 321 (1989)

Pich, hep-ph/0205030

Estimated in the framework of Resonance Chiral Theory (R𝝌T), a “UV completion” of 𝝌PT which 
incorporates the low-lying QCD resonances and extends the principle of vector meson dominance

Nonetheless, within reach of future 
-factories (JLab, REDTOP) η 29
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⇡0 ! 3 a(17)

⇤
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Factor of ~30 higher than the pion double-Dalitz decay, , 
measured in 1962 in bubble chamber pictures, with a sample of 8 million neutral pions.

π0 → 2 (γ* → e+e−)

Samios et al., Phys. Rev. 126, 1844 (1962)

Unclear whether this is definitively excluded, but could be searched for in dedicated analysis of 
experiments with large  samples (from  decays;  capture; neutrino experiments; etc)π0 K, τ, ϕ π−
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scale ⇤ above which ga�� can no longer be treated as a point-like coupling [140]. Setting

⇤ ⇠ 4⇡f⇡, we have [141–143]:
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ga�� fPS
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ma

�
, (7.8)

where, from (6.18),

ga�� =
↵

4⇡f⇡

✓
✓a⇡ +
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3
✓a⌘ud
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p
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3
✓a⌘s

◆
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and

fPS[z] =

Z
1

0

dx
z
2
/2

x(1� x)� z2
log

✓
x(1� x)

z2

◆
(7.10)

⇡ log z + 1 for z � 1 .

A few observations are in order: the one-loop contribution is negative and exceeds the

allowed range in (7.6) by more than two standard deviations if |Qe| & 1/2. However, the

two-loop contribution has the opposite sign if the product Qe ga�� is positive, and could in

principle partially cancel the one-loop contribution to a substantial degree. In particular,

if the linear combination of hadronic mixing angles in (7.9) is ⇠ 2 ⇥ 10�2, then Qe . 1.3

is still consistent with (7.6) at 2�. Note that this range of mixing angles, and therefore

of ga��, is consistent with other experimental constraints, mainly because of the very poor

determination of ✓a⌘s . The rare decay K
+

! ⇡
+(a ! ��) is not yet sensitive to ✓a⌘s .

O(10�1) (see Sec. VIA), and the contribution of ✓a⌘s to the 8Be nuclear transitions is mild

if �s ⇠ �0.02, which is suggested by recent lattice results [94–100].

Given all these considerations, existing measurements of the electron anomalous mag-

netic moment cannot provide a robust and model independent exclusion of the MeV axion

parameter space, and therefore we do not include it in Fig. 1.

C. Constraints from searches for dark photons

Over the past decade, there has been a spur in phenomelogical studies of light, weakly

coupled vectors (“dark photons”), mostly motivated by dark matter phenomenology [144–

147]. As a result, many experimental proposals have been put forth to search for dark

photons in the near future [148–151]. As it turns out, dark photon production and detection
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a(17) contributions to (g − 2)e

Current experimental range 
for  is ambiguous(g − 2)e

�(g � 2)e/2 ⇥ 1012
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 measurement from 
Berkeley group (2 )
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Parker et al., Science 13, 191 (2018)

Morel et al., Nature 588, 61 (2020)

 measurement from 
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α

σ
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a(17) contributions to (g − 2)e

Current experimental range 
for  is ambiguous(g − 2)e
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Take away

The QCD axion interpretation of the  X17  boson offers a highly-motivated, 
compatible explanation for the 8Be, 4He, and KTeV anomalies

Its predicts a variety of other testable signals in searches for visibly decaying dark photons, 
and in rare meson decays that can be probed in upcoming meson factories

It also naturally explains the absence of excesses in electric and isovector magnetic 
transitions of nuclear de-excitations and radiative capture reactions

a(17)
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With low PQ breaking scale  fPQ ~ 𝒪(GeV), the most natural parametrization of axion couplings is: 

LPQSM �
�
mu e

i quPQ a/fa
�
uuc +

�
md e

i qdPQ a/fa
�
ddc +

�
ms e

i qsPQ a/fa
�
ssc
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It follows from LO 𝝌PT:
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Indeed, using exact expression for 𝜃aπ|LO and plugging in mu /md = 0.485 ± 0.027

of the axion to quark axial-currents, or the usual linear coupling of the axion to the gluon
dual field strength operator.

In this IR model, requirement (ii) mentioned above has been imposed by fiat. Require-
ment (i) follows from the axion’s coupling to e

+
e
�, which dominates its decay width:

�(a ! e
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, (2.2)

) ⌧a ⇡
4 ⇥ 10�15 s

(qe
PQ

)2
. (2.3)

For ma ⇠ 16�17 MeV, existing bounds on the electron’s PQ charge are very mild, limiting
its range to 1/3 . |q

e
PQ

| . 2. The upper bound is set by KLOE’s 2015 search for visibly
decaying dark photons [65], whereas the lower bound is set by the 2019 results from CERN’s
SPS NA64 fixed target experiment [66, 67], constraining the axion lifetime to ⌧a . 0.4 ⇥

10�13 s. The sensitivities of future experiments to the axion’s electronic couplings (such as
fixed targets and e

+
e
� colliders) have been explored in [45].

From (2.1) and standard �PT at leading order, the axion mass is given by:
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�� qu
PQ

+ q
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p
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p
mu md
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m2
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1 + 6

m
2
K

m2
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!
' 0.04 . (2.5)

It follows then that for q
u
PQ

/2 = q
d
PQ

= 1 and ma = 16.7 MeV, the axion decay constant is
fa ' 1030 MeV. We will benchmark ma, fa, q

u
PQ

, and q
d
PQ

to these values for the remainder
of this article.

For generic parameter space of QCD axion models, the quark mass hierarchy mu,d ⌧ ms

typically induces a hierarchy of axion-meson mixing angles, ✓a⇡ � ✓a⌘ , ✓a⌘0 , resulting in
the isovector couplings of the axion dominating its experimental signatures. This is not the
case for the piophobic axion we are considering. Here, the a � ⇡

0 mixing angle, to leading
order in �PT, is given by:
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� md q
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mu + md
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(qu
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)

2

!
f⇡

fa
, (2.6)

which, after taking q
u
PQ

/2 = q
d
PQ

= 1 and mu/md = 0.485 ± 0.027 from [68], results in:

✓a⇡|�PT LO
= (�0.02 ± 3) ⇥ 10�3

. (2.7)

It is clear from (2.6) and (2.7) that the axion’s piophobia is the result of an accidental
cancelation in �PT’s leading order contribution to ✓a⇡. This cancelation stems from the
near numerical coincidence between mu/md and q

d
PQ

/q
u
PQ

= 1/2.

– 5 –

Compatible with the required level of piophobia and with the range that explains the KTeV anomaly

→ 0

→ 0

Fodor et al., PRL 117 (2016)
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• The axion must be have isoscalar couplings  ✓a⌘, ✓a⌘0 ⇠ O(10�4
� 10�3)
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In the 80’s, these mixing angles were estimated at LO in 𝝌PT, and, due to their contribution 
to K+→ π+a, it was argued that the QCD axion with ma ≳ few MeV was excluded
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These introduce large uncertainties in the determination of the axion isoscalar couplings, 
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Remembering that the axion is formally a phase of the light quark mass matrix Mq (see

(3.3)), and setting Qd = Qu/2 = 1, we can expand (5.24) to obtain:
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Above, we have expanded the coe�cients in powers of m
2
⇡

m
2
K

and kept only the leading terms;

we have also omitted all ⇡ and K dependent terms, since they are not relevant for the present

discussion. Furthermore, we have simplified the notation by defining:
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Canonically normalizing the kinetic terms and integrating out ⌘
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Plugging in the numerical fit of the LECs obtained by [81] yields:
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Rather than claiming that we have calculated ✓a⌘ud
more precisely, our purpose with

this exercise is to make the point that contributions from the second order chiral expansion

change the leading order estimate, ✓(0)a⌘ud
, by O(1). While we have restricted this exercise to

a couple of LECs at tree level, inclusion of the full O(p4) expansion and loop corrections

will most likely change the answer from (5.27). Had we derived such expression, even then

we would not be able to evaluate it numerically because many of the LECs contributing to

✓a⌘ud
are still undetermined. For instance, operators such as [82]
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In short, the enhancement of the amplitude M(K+
! ⇡

+
a) depends on how octet en-

hancement is realized in �PT. If the amplitudes M(K+
! ⇡

+
⌘8,0) are not octet enhanced,

the resulting bound (5.22) on ✓a⌘ud
is relatively weak and does not presently pose a threat to

the viability of MeV axions. Under the more conventional assumption of octet enhancement

at O(p2), however, it becomes important to establish how compatible is ✓a⌘ud with the bound

in (5.19), which we shall now address.

C. Axion-Eta mixing

The last sources of uncertainty in predicting the rare decay K
+

! ⇡
+
a, namely, the

mixing angles ✓a⌘8 and ✓a⌘0 , have been the least critically examined in the axion literature.

It is well known that the leading order expansion in �PT does not adequately describe

the ⌘ and ⌘
0 masses and mixing angles [77, 78]. Indeed, the second order expansion of the

Chiral Lagrangian provides important corrections to masses, decay constants and mixing

angles of singlet and octet mesons, which typically scale as:
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Above, Li are the dimensionless coe�cients of the O(p4) operators in the chiral expan-

sion, and are commonly known as Low Energy Constants (LECs) [79, 80]. Many LECs are

reasonably well-determined from experimental and/or lattice data, their typical size being

Li ⇠ O(10�3). From (5.23) it is then evident that these encode O(1) e↵ects in ⌘-⌘0 mixing,

and may very well have comparable importance in describing a-⌘ and a-⌘0 mixing.

In order to illustrate the uncertainties involved in obtaining ✓a ⌘,⌘0 , we consider Leutwyler’s

study of ⌘-⌘0 mixing in [81], which, based on 1/Nc-expansion counting rules, retained only

the following operators9:
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+ L5 Tr
⇥
@
µ(2BMq U) @µU

†
U + h.c.

⇤
+ L8 Tr [ (2BMq)U (2BMq)U + h.c. ]

+ OZI violating terms.

Loop corrections do not contribute at this order, and [81] obtains F = 90.6 MeV, L5 =

2.2⇥ 10�3, L8 = 1.0⇥ 10�3, and M0 ' 1030 MeV.

9 For simplicity, in this exercise we omit the OZI violating terms in (5.24). Their numerical values obtained

in the fit of [81] change our results by O(10%).
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Remembering that the axion is formally a phase of the light quark mass matrix Mq (see

(3.3)), and setting Qd = Qu/2 = 1, we can expand (5.24) to obtain:
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We therefore treat the axion isoscalar mixing angles as phenomenological parameters of the 
physical axion current (i.e., the mass eigenstate):

Unfortunately, �PT’s prediction (2.7) alone is not precise enough to be useful. We
instead have resort to observation to determine the allowed range for ✓a⇡ with better pre-
cision. This can be achieved by requiring that the 3.2 � excess in KTeV’s measurement of
�(⇡0

! e
+
e
�) [44] be the result of ⇡

0
� a mixing, which yields [45]:

✓a⇡|
KTeV

=
(�0.6 ± 0.2)

qe
PQ

⇥ 10�4
. (2.8)

Given the suppressed value (2.8) for ✓a⇡, this model features an atypical hierarchy
of mixing angles, ✓a⇡ ⌧ ✓a⌘ , ✓a⌘0 , which results in the isoscalar couplings of the axion
dominating its experimental signatures. This aggravates the loss of �PT’s usual predictive
power in axion phenomenology—given its state-of-the-art, �PT cannot numerically pin
down the isoscalar mixing angles ✓a⌘ , ✓a⌘0 with good accuracy. As argued in [45], ✓a⌘ , ✓a⌘0

receive O(1) contributions from operators at O(p4) in the chiral expansion, many of which
have poorly determined Wilson coefficients.

Any substantive theoretical progress in better determining the axion’s hadronic cou-
plings is unlikely to be accomplished anytime soon. Indeed, such efforts might be superseded
by future experimental results which will be able to either exclude or narrow down the pre-
ferred ranges for the axion’s isoscalar couplings. With this in mind, in this study we choose
to remain agnostic about their magnitude, and instead simply parameterize the physical
axion current as7:

J
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, (2.9)

where

J
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2
⌘ f⇡ @µ⇡3 , (2.10a)
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⌘ f⇡ @µ⌘ud , (2.10b)
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p

2
⌘ f⇡ @µ⌘s . (2.10c)

The axionic field a and the neutral meson degrees of freedom ⇡3, ⌘ud, and ⌘s in (2.10) mix
amongst themselves to yield the physical degrees of freedom (i.e., the mass eigenstates)
aphys, ⇡

0, ⌘, and ⌘
0. In particular, the implication of (2.9) is that any strong or weak

process involving the currents in (2.10) will have a corresponding axion signature for which
one of the neutral mesons in the amplitude gets replaced by aphys properly weighted by the
appropriate mixing angle.

With the parameterization in (2.9), it is straightforward to obtain the axion’s couplings
to photons and nucleons. Specifically, below the QCD confinement scale, the electromag-
netic anomaly of the physical axion current (2.9) leads to:
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p
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a Fµ⌫F̃
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, (2.11)

7We omit the dependence of (2.9) on ē�µ�5e, which has no bearing on the axion-meson mixing angles.
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• The axion must be have isoscalar couplings  ✓a⌘, ✓a⌘0 ⇠ O(10�4
� 10�3)
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The d.o.f.’s                           mix amongst themselves to yield the mass eigenstates  aphys, ⇡0, ⌘, ⌘0
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Axionic Kaon decays follow from SM amplitudes weighted by axion-meson mixing angles

' ⌘ ⇡0, ⌘ud , ⌘s
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✓a'

<latexit sha1_base64="FgaKCf/WLbD7xqXyQ/3Xh1nID5I=">AAAB+nicdVBNS8NAEN3U7/oV9ehlsQieSlKj1ZvoxaOCtYUmlMl22y7dfLA7UUrsT/HiQRGv/hJv/hs3toKKPhh4vDfDzLwwlUKj47xbpZnZufmFxaXy8srq2rq9sXmtk0wx3mCJTFQrBM2liHkDBUreShWHKJS8GQ7PCr95w5UWSXyFo5QHEfRj0RMM0Egde8PHAUfo5ODfgEoHYtyxK071+Oiw5h1Sp+o4dbfmFqRW9/Y96hqlQIVMcdGx3/xuwrKIx8gkaN12nRSDHBQKJvm47Geap8CG0OdtQ2OIuA7yz9PHdNcoXdpLlKkY6af6fSKHSOtRFJrOCHCgf3uF+JfXzrB3FOQiTjPkMZss6mWSYkKLHGhXKM5QjgwBpoS5lbIBKGBo0iqbEL4+pf+T61rV9aoHl17l5HQaxyLZJjtkj7ikTk7IObkgDcLILbknj+TJurMerGfrZdJasqYzW+QHrNcPRryUrw==</latexit>

a
'

<latexit sha1_base64="MWbhNbIYeGOpABC7zLoY3fEnDEY=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY9FLx4r2A9ol5JNs21oNhuSbKEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZeqAQ31vO+UWFjc2t7p7hb2ts/ODwqH5+0TJJqypo0EYnuhMQwwSVrWm4F6yjNSBwK1g7H93O/PWHa8EQ+2aliQUyGkkecEuukdm9CtBrxfrniVb0F8Drxc1KBHI1++as3SGgaM2mpIMZ0fU/ZICPacirYrNRLDVOEjsmQdR2VJGYmyBbnzvCFUwY4SrQrafFC/T2RkdiYaRy6zpjYkVn15uJ/Xje10W2QcalSyyRdLopSgW2C57/jAdeMWjF1hFDN3a2Yjogm1LqESi4Ef/XlddK6qvq16vVjrVK/y+MowhmcwyX4cAN1eIAGNIHCGJ7hFd6QQi/oHX0sWwsonzmFP0CfP33ij64=</latexit>

X

K0
S

<latexit sha1_base64="HrMqGlyfd34BcsG1lFXljVe4284=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY9FL4KXim5baNeSTbNtaDa7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRtdTv/XElOaxfDDjhPkRGUgeckqMlbzb3v2j0ytXnKozA14mbk4qkKPRK391+zFNIyYNFUTrjuskxs+IMpwKNil1U80SQkdkwDqWShIx7WezYyf4xCp9HMbKljR4pv6eyEik9TgKbGdEzFAvelPxP6+TmvDSz7hMUsMknS8KU4FNjKef4z5XjBoxtoRQxe2tmA6JItTYfEo2BHfx5WXSPKu6ter5Xa1Sv8rjKMIRHMMpuHABdbiBBnhAgcMzvMIbkugFvaOPeWsB5TOH8Afo8wcgs44/</latexit>

⇡0

<latexit sha1_base64="c9UsTdFoTAeFbJdjJQizA4eAVuc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuLaiEQ94DjlQUwHSkSCUbSS303Fo9srV9yqOwdZJV5OKpCj0St/dfsJy2KukElqTMdzUwwmVKNgkk9L3czwlLIRHfCOpYrG3AST+bFTcmaVPokSbUshmau/JyY0NmYch7Yzpjg0y95M/M/rZBhdBxOh0gy5YotFUSYJJmT2OekLzRnKsSWUaWFvJWxINWVo8ynZELzll1dJ86Lq1aqX97VK/SaPowgncArn4MEV1OEOGuADAwHP8ApvjnJenHfnY9FacPKZY/gD5/MHdjaOdw==</latexit>

✓a'

<latexit sha1_base64="FgaKCf/WLbD7xqXyQ/3Xh1nID5I=">AAAB+nicdVBNS8NAEN3U7/oV9ehlsQieSlKj1ZvoxaOCtYUmlMl22y7dfLA7UUrsT/HiQRGv/hJv/hs3toKKPhh4vDfDzLwwlUKj47xbpZnZufmFxaXy8srq2rq9sXmtk0wx3mCJTFQrBM2liHkDBUreShWHKJS8GQ7PCr95w5UWSXyFo5QHEfRj0RMM0Egde8PHAUfo5ODfgEoHYtyxK071+Oiw5h1Sp+o4dbfmFqRW9/Y96hqlQIVMcdGx3/xuwrKIx8gkaN12nRSDHBQKJvm47Geap8CG0OdtQ2OIuA7yz9PHdNcoXdpLlKkY6af6fSKHSOtRFJrOCHCgf3uF+JfXzrB3FOQiTjPkMZss6mWSYkKLHGhXKM5QjgwBpoS5lbIBKGBo0iqbEL4+pf+T61rV9aoHl17l5HQaxyLZJjtkj7ikTk7IObkgDcLILbknj+TJurMerGfrZdJasqYzW+QHrNcPRryUrw==</latexit>

a
'

<latexit sha1_base64="MWbhNbIYeGOpABC7zLoY3fEnDEY=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY9FLx4r2A9ol5JNs21oNhuSbKEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZeqAQ31vO+UWFjc2t7p7hb2ts/ODwqH5+0TJJqypo0EYnuhMQwwSVrWm4F6yjNSBwK1g7H93O/PWHa8EQ+2aliQUyGkkecEuukdm9CtBrxfrniVb0F8Drxc1KBHI1++as3SGgaM2mpIMZ0fU/ZICPacirYrNRLDVOEjsmQdR2VJGYmyBbnzvCFUwY4SrQrafFC/T2RkdiYaRy6zpjYkVn15uJ/Xje10W2QcalSyyRdLopSgW2C57/jAdeMWjF1hFDN3a2Yjogm1LqESi4Ef/XlddK6qvq16vVjrVK/y+MowhmcwyX4cAN1eIAGNIHCGJ7hFd6QQi/oHX0sWwsonzmFP0CfP33ij64=</latexit>

XK0
L

<latexit sha1_base64="/AfUNZfoYtCLpvYmVxj4jYnyo+Y=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih6LXgQ9VHDbQruWbJptQ7PJkmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeWHCmTau++0UVlbX1jeKm6Wt7Z3dvfL+QVPLVBHqE8mlaodYU84E9Q0znLYTRXEcctoKR9dTv/VElWZSPJhxQoMYDwSLGMHGSv5t7+7R7ZUrbtWdAS0TLycVyNHolb+6fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2Ak6sUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE10GGRNJaqgg80VRypGRaPo56jNFieFjSzBRzN6KyBArTIzNp2RD8BZfXibNs6pXq57f1yr1qzyOIhzBMZyCBxdQhxtogA8EGDzDK7w5wnlx3p2PeWvByWcO4Q+czx8WCY44</latexit>

✏K

<latexit sha1_base64="YGVPlwHRbRNSAkSAs+PLnsZ++FQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoRfBSwX5gG8pmO2mXbnbD7kYoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewsrq2vlHcLG1t7+zulfcPmlqmimKDSi5VOyQaORPYMMxwbCcKSRxybIWjm6nfekKlmRQPZpxgEJOBYBGjxFjpsYuJZlyK3l2vXPGq3gzuMvFzUoEc9V75q9uXNI1RGMqJ1h3fS0yQEWUY5TgpdVONCaEjMsCOpYLEqINsdvHEPbFK342ksiWMO1N/T2Qk1noch7YzJmaoF72p+J/XSU10FWRMJKlBQeeLopS7RrrT990+U0gNH1tCqGL2VpcOiSLU2JBKNgR/8eVl0jyr+ufVi/vzSu06j6MIR3AMp+DDJdTgFurQAAoCnuEV3hztvDjvzse8teDkM4fwB87nD6IRkOY=</latexit>

X
✓a'

<latexit sha1_base64="FgaKCf/WLbD7xqXyQ/3Xh1nID5I=">AAAB+nicdVBNS8NAEN3U7/oV9ehlsQieSlKj1ZvoxaOCtYUmlMl22y7dfLA7UUrsT/HiQRGv/hJv/hs3toKKPhh4vDfDzLwwlUKj47xbpZnZufmFxaXy8srq2rq9sXmtk0wx3mCJTFQrBM2liHkDBUreShWHKJS8GQ7PCr95w5UWSXyFo5QHEfRj0RMM0Egde8PHAUfo5ODfgEoHYtyxK071+Oiw5h1Sp+o4dbfmFqRW9/Y96hqlQIVMcdGx3/xuwrKIx8gkaN12nRSDHBQKJvm47Geap8CG0OdtQ2OIuA7yz9PHdNcoXdpLlKkY6af6fSKHSOtRFJrOCHCgf3uF+JfXzrB3FOQiTjPkMZss6mWSYkKLHGhXKM5QjgwBpoS5lbIBKGBo0iqbEL4+pf+T61rV9aoHl17l5HQaxyLZJjtkj7ikTk7IObkgDcLILbknj+TJurMerGfrZdJasqYzW+QHrNcPRryUrw==</latexit>

a
'

<latexit sha1_base64="MWbhNbIYeGOpABC7zLoY3fEnDEY=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY9FLx4r2A9ol5JNs21oNhuSbKEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZeqAQ31vO+UWFjc2t7p7hb2ts/ODwqH5+0TJJqypo0EYnuhMQwwSVrWm4F6yjNSBwK1g7H93O/PWHa8EQ+2aliQUyGkkecEuukdm9CtBrxfrniVb0F8Drxc1KBHI1++as3SGgaM2mpIMZ0fU/ZICPacirYrNRLDVOEjsmQdR2VJGYmyBbnzvCFUwY4SrQrafFC/T2RkdiYaRy6zpjYkVn15uJ/Xje10W2QcalSyyRdLopSgW2C57/jAdeMWjF1hFDN3a2Yjogm1LqESi4Ef/XlddK6qvq16vVjrVK/y+MowhmcwyX4cAN1eIAGNIHCGJ7hFd6QQi/oHX0sWwsonzmFP0CfP33ij64=</latexit>

K0
L

<latexit sha1_base64="/AfUNZfoYtCLpvYmVxj4jYnyo+Y=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih6LXgQ9VHDbQruWbJptQ7PJkmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeWHCmTau++0UVlbX1jeKm6Wt7Z3dvfL+QVPLVBHqE8mlaodYU84E9Q0znLYTRXEcctoKR9dTv/VElWZSPJhxQoMYDwSLGMHGSv5t7+7R7ZUrbtWdAS0TLycVyNHolb+6fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2Ak6sUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE10GGRNJaqgg80VRypGRaPo56jNFieFjSzBRzN6KyBArTIzNp2RD8BZfXibNs6pXq57f1yr1qzyOIhzBMZyCBxdQhxtogA8EGDzDK7w5wnlx3p2PeWvByWcO4Q+czx8WCY44</latexit>

⇡

<latexit sha1_base64="pXaUd9tpIhVqDq6r7ZmIijF7ylY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVL+9rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBSVY3V</latexit>

⇡

<latexit sha1_base64="pXaUd9tpIhVqDq6r7ZmIijF7ylY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVL+9rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBSVY3V</latexit>

a

'

<latexit sha1_base64="MWbhNbIYeGOpABC7zLoY3fEnDEY=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY9FLx4r2A9ol5JNs21oNhuSbKEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZeqAQ31vO+UWFjc2t7p7hb2ts/ODwqH5+0TJJqypo0EYnuhMQwwSVrWm4F6yjNSBwK1g7H93O/PWHa8EQ+2aliQUyGkkecEuukdm9CtBrxfrniVb0F8Drxc1KBHI1++as3SGgaM2mpIMZ0fU/ZICPacirYrNRLDVOEjsmQdR2VJGYmyBbnzvCFUwY4SrQrafFC/T2RkdiYaRy6zpjYkVn15uJ/Xje10W2QcalSyyRdLopSgW2C57/jAdeMWjF1hFDN3a2Yjogm1LqESi4Ef/XlddK6qvq16vVjrVK/y+MowhmcwyX4cAN1eIAGNIHCGJ7hFd6QQi/oHX0sWwsonzmFP0CfP33ij64=</latexit>

XK0
L

<latexit sha1_base64="/AfUNZfoYtCLpvYmVxj4jYnyo+Y=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih6LXgQ9VHDbQruWbJptQ7PJkmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeWHCmTau++0UVlbX1jeKm6Wt7Z3dvfL+QVPLVBHqE8mlaodYU84E9Q0znLYTRXEcctoKR9dTv/VElWZSPJhxQoMYDwSLGMHGSv5t7+7R7ZUrbtWdAS0TLycVyNHolb+6fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2Ak6sUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE10GGRNJaqgg80VRypGRaPo56jNFieFjSzBRzN6KyBArTIzNp2RD8BZfXibNs6pXq57f1yr1qzyOIhzBMZyCBxdQhxtogA8EGDzDK7w5wnlx3p2PeWvByWcO4Q+czx8WCY44</latexit>

⇡

<latexit sha1_base64="pXaUd9tpIhVqDq6r7ZmIijF7ylY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVL+9rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBSVY3V</latexit>

⇡

<latexit sha1_base64="pXaUd9tpIhVqDq6r7ZmIijF7ylY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVL+9rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBSVY3V</latexit>

+

<latexit sha1_base64="3DnS3vImeIO9jz1IyYjxDR65oEU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXInoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5XyVb1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3QdjLc=</latexit>

✓a'

<latexit sha1_base64="FgaKCf/WLbD7xqXyQ/3Xh1nID5I=">AAAB+nicdVBNS8NAEN3U7/oV9ehlsQieSlKj1ZvoxaOCtYUmlMl22y7dfLA7UUrsT/HiQRGv/hJv/hs3toKKPhh4vDfDzLwwlUKj47xbpZnZufmFxaXy8srq2rq9sXmtk0wx3mCJTFQrBM2liHkDBUreShWHKJS8GQ7PCr95w5UWSXyFo5QHEfRj0RMM0Egde8PHAUfo5ODfgEoHYtyxK071+Oiw5h1Sp+o4dbfmFqRW9/Y96hqlQIVMcdGx3/xuwrKIx8gkaN12nRSDHBQKJvm47Geap8CG0OdtQ2OIuA7yz9PHdNcoXdpLlKkY6af6fSKHSOtRFJrOCHCgf3uF+JfXzrB3FOQiTjPkMZss6mWSYkKLHGhXKM5QjgwBpoS5lbIBKGBo0iqbEL4+pf+T61rV9aoHl17l5HQaxyLZJjtkj7ikTk7IObkgDcLILbknj+TJurMerGfrZdJasqYzW+QHrNcPRryUrw==</latexit>

'

<latexit sha1_base64="MWbhNbIYeGOpABC7zLoY3fEnDEY=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY9FLx4r2A9ol5JNs21oNhuSbKEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZeqAQ31vO+UWFjc2t7p7hb2ts/ODwqH5+0TJJqypo0EYnuhMQwwSVrWm4F6yjNSBwK1g7H93O/PWHa8EQ+2aliQUyGkkecEuukdm9CtBrxfrniVb0F8Drxc1KBHI1++as3SGgaM2mpIMZ0fU/ZICPacirYrNRLDVOEjsmQdR2VJGYmyBbnzvCFUwY4SrQrafFC/T2RkdiYaRy6zpjYkVn15uJ/Xje10W2QcalSyyRdLopSgW2C57/jAdeMWjF1hFDN3a2Yjogm1LqESi4Ef/XlddK6qvq16vVjrVK/y+MowhmcwyX4cAN1eIAGNIHCGJ7hFd6QQi/oHX0sWwsonzmFP0CfP33ij64=</latexit>

XK0
L

<latexit sha1_base64="/AfUNZfoYtCLpvYmVxj4jYnyo+Y=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih6LXgQ9VHDbQruWbJptQ7PJkmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeWHCmTau++0UVlbX1jeKm6Wt7Z3dvfL+QVPLVBHqE8mlaodYU84E9Q0znLYTRXEcctoKR9dTv/VElWZSPJhxQoMYDwSLGMHGSv5t7+7R7ZUrbtWdAS0TLycVyNHolb+6fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2Ak6sUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE10GGRNJaqgg80VRypGRaPo56jNFieFjSzBRzN6KyBArTIzNp2RD8BZfXibNs6pXq57f1yr1qzyOIhzBMZyCBxdQhxtogA8EGDzDK7w5wnlx3p2PeWvByWcO4Q+czx8WCY44</latexit>
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Subtlety: octet enhancement

In the SM, there are large disparities between the hadronic widths of different Kaon states,

e.g., �K+ ⇠ O(10�8) eV
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In 𝝌PT, these disparities are parametrized as: |g8|
|g27|

' 31.2
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some amplitudes will be octet enhanced
This effect will similarly appear in axionic Kaon decays:
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Additional ambiguity:

Octet enhancement can in principle be implemented in 𝝌PT with two distinct octet operators,

or
standard implementation

����
O(p4)
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ma0 [MeV] �a0 [MeV] mf0 [MeV] �f0 [MeV] |bcd| = |bcm| Br(⌘ ! ⇡
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B1 980 40 980 200 1.125 0.96 ⇥ 10�3

B2 980 50 980 100 1.125 1.1 ⇥ 10�3

B3 1000 50 1000 100 1.125 0.49 ⇥ 10�3

Table 1. Benchmarked R�T parameters for the examples in Fig. 4, and the resulting prediction
for the total decay rate of ⌘ ! ⇡

+
⇡

�
a .

5 Kaon decays

We conclude our study by exploring signals of the piophobic QCD axion in rare Kaon
decays. Although the main focus of ongoing and near-future rare Kaon decay experiments—
such as NA62 at CERN [139] and KOTO at J-PARC [140]—has been on K ! ⇡⌫⌫̄, there is
an under explored opportunity to search for BSM resonances in e

+
e
� final states with low

me+e� , motivated not only by the piophobic QCD axion, but also by visibly decaying ALPs
and dark-photons more generally [41]. Furthermore, the highly suppressed a ! �� decay
mode might be a competitive final state in Kaon decay searches for which �� backgrounds
in the m�� ⇠ 17 MeV signal region are tamer than the e

+
e
� backgrounds. In such cases,

final states with K ! (a ! ��)+SM can be obtained by combining the relevant branching
ratios Br(K ! a + SM) estimated in this section with Br(a ! ��) in (2.13).

The appearance of the axion in Kaon decay final states occurs via mixing with the
neutral octet mesons, ⇡

0, ⌘, and ⌘
0. Therefore, the axionic amplitudes can be obtained from

ordinary SM amplitudes properly reweighted by axion-meson mixing angles. While this
prescription is straightforward for estimating “axio-leptonic” Kaon decays such as K

+
!

µ
+
⌫µ a (as we will show in Subsec. 5.1), it is ambiguous for “axio-hadronic” Kaon decays

such as K
+

! ⇡
+
a, K

0
S,L ! ⇡

0
a, and K

0
L ! ⇡⇡a. Firstly, the two-body hadronic width of

the CP-even neutral Kaon, �(K0
S ! ⇡

0
⇡
0
, ⇡

+
⇡
�) ⇡ 0.73⇥10�5 eV, is enhanced by roughly

three orders of magnitude relative to the two-body hadronic width of the charged Kaon,
�(K+

! ⇡
+
⇡
0) ⇡ 1.1 ⇥ 10�8 eV. In �PT, this enhancement is parametrized as a large

disparity in the magnitudes of the Wilson coefficients of the possible �S = 1 operators
[110, 141–143]. Specifically, the coefficient of an SU(3)�-octet (�I = 1/2) operator is
larger than the coefficient of the leading order 27-plet (�I = 3/2) operator by a factor
of ⇠ 30. Secondly, phenomenologically, there are at least two choices of �S = 1 octet
operators that could be responsible for this so-called “octet enhancement” (a.k.a. “�I = 1/2

enhancement”) in Kaon decays [144–146], namely,
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where �ds ⌘ (�6+i�7)/2, ⇤ ⇠ 2mK is a natural �PT cut-off, and the operators above occur
at different orders in the chiral expansion: O8 at O(p2), and O

0
8 at O(p4). Fitting existing

data on K ! ⇡⇡ and K ! ⇡⇡⇡, while treating the coefficients g8 and g
0
8 in (5.1) on equal
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0
8| ' 0.78 ⇥ 10�7 [147, 148]. In order to break this degeneracy in the
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[110, 141–143]. Specifically, the coefficient of an SU(3)�-octet (�I = 1/2) operator is
larger than the coefficient of the leading order 27-plet (�I = 3/2) operator by a factor
of ⇠ 30. Secondly, phenomenologically, there are at least two choices of �S = 1 octet
operators that could be responsible for this so-called “octet enhancement” (a.k.a. “�I = 1/2

enhancement”) in Kaon decays [144–146], namely,
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where �ds ⌘ (�6+i�7)/2, ⇤ ⇠ 2mK is a natural �PT cut-off, and the operators above occur
at different orders in the chiral expansion: O8 at O(p2), and O

0
8 at O(p4). Fitting existing

data on K ! ⇡⇡ and K ! ⇡⇡⇡, while treating the coefficients g8 and g
0
8 in (5.1) on equal

footing, yields |g8 + g
0
8| ' 0.78 ⇥ 10�7 [147, 148]. In order to break this degeneracy in the

– 23 –

has also been considered
Gerard & Weyers, PLB 503 (2001) 

Crewther & Tunstall, PRD 91 (2015)

Enhancement of either      or       provides equally good phenomenological fit to datag8
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However, these two different possibilities yield different 
predictions for axio-hadronic Kaon decay rates
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Axionic Kaon decay predictions via enhancement of       (standard implementation)g8
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K
+ !

⇡
+ a

<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>

K
0
L

!
⇡
+ ⇡

� a

<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>

K

0
L
!

⇡
+ ⇡

� a

<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>

K
0 L

!
e
+

e
�

<latexit sha1_base64="w/p3n5A9R7Lok7VH/sfFbMmG2uY=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEEMSRS0WXBjaCLCvYBbRom05t26OTBzEQpsZ/ixoUibv0Sd/6N0zYLbT1w4XDOvdx7j59wJpVtfxtLyyura+uFjeLm1vbOrlnaa8g4FRTqNOaxaPlEAmcR1BVTHFqJABL6HJr+8GriNx9ASBZH92qUgBuSfsQCRonSkmeWbrq2d4s7KsbQPdF16pll27KnwIvEyUkZ5ah55lenF9M0hEhRTqRsO3ai3IwIxSiHcbGTSkgIHZI+tDWNSAjSzaanj/GRVno4iIWuSOGp+nsiI6GUo9DXnSFRAznvTcT/vHaqgks3Y1GSKojobFGQcqwfneSAe0wAVXykCaGC6VsxHRBBqNJpFXUIzvzLi6RxZjkV6/yuUq5aeRwFdIAO0TFy0AWqomtUQ3VE0SN6Rq/ozXgyXox342PWumTkM/voD4zPH7Mrkko=</latexit>

K
+

! ⇡
+(a ! e

+
e
�)

<latexit sha1_base64="8XKWNPokuglGgYVdWkPX2dTh9IY=">AAACAnicbVDLSgMxFM3UV62vqitxEyxCpTjMSEWXBTeCmwr2AZ1pyaS3bWgmMyQZoZTixl9x40IRt36FO//GtJ2FVg8EDufcy805QcyZ0o7zZWWWlldW17LruY3Nre2d/O5eXUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaATDq6nfuAepWCTu9CgGPyR9wXqMEm2kTv7gpl3ydOTFrF3CRWIohnYJ2qcnnXzBsZ0Z8F/ipqSAUlQ7+U+vG9EkBKEpJ0q1XCfW/phIzSiHSc5LFMSEDkkfWoYKEoLyx7MIE3xslC7uRdI8ofFM/bkxJqFSozAwkyHRA7XoTcX/vFaie5f+mIk40SDo/FAv4dgEnfaBu0wC1XxkCKGSmb9iOiCSUG1ay5kS3MXIf0n9zHbL9vltuVCx0zqy6BAdoSJy0QWqoGtURTVE0QN6Qi/o1Xq0nq03630+mrHSnX30C9bHN3DQlXk=</latexit>

K
0
L ! ⇡

+
⇡

�
a

<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>

K
0
S ! ⇡

0
a

<latexit sha1_base64="0M+aht1N4YFO8HxBiX9A4Kzk23k=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgaegZs3kLeBG8RDQLZBl6Oj1Jk56F7h4ljPkULx4U8eqXePNv7CyCij4oeLxXRVU9L+ZMKoQ+jMzK6tr6RnYzt7W9s7tn5vebMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNz2d+65YKyaLwRk1i2gvwMGQ+I1hpyTXzl33kXsOuimA3Zn0EsWsWkIWqtuOUIbLKjlM5K2lyajtFVIK2heYogCXqrvneHUQkCWioCMdSdmwUq16KhWKE02mum0gaYzLGQ9rRNMQBlb10fvoUHmtlAP1I6AoVnKvfJ1IcSDkJPN0ZYDWSv72Z+JfXSZRf7aUsjBNFQ7JY5Ccc6kdnOcABE5QoPtEEE8H0rZCMsMBE6bRyOoSvT+H/pOlYdtEqXRULNWsZRxYcgiNwAmxQATVwAeqgAQi4Aw/gCTwb98aj8WK8LlozxnLmAPyA8fYJh5GS2A==</latexit>

K
+

!
µ

+
⌫
a

<latexit sha1_base64="RL87PW+tmgj4ziEiCM6uHhbanv4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBGEQkmaBttdwY3gpoJ9QJOWyXTSDp1MwsxELKW/4saFIm79EXf+jZO2gooeuHA4517uvSdIGJXKsj6MtfWNza3t3E5+d2//4NA8KrRlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkE0wuM79zR4SkMb9V04T4ERpxGlKMlJYGZuG6X4KeiqEXpf2Sx1OIBmbRKluWU6tXoSaOa7k1TVzXqVccaGsrQxGs0ByY794wxmlEuMIMSdmzrUT5MyQUxYzM814qSYLwBI1IT1OOIiL92eL2OTzTyhCGsdDFFVyo3ydmKJJyGgW6M0JqLH97mfiX10tVWPNnlCepIhwvF4Upg/rXLAg4pIJgxaaaICyovhXiMRIIKx1XXofw9Sn8n7QrZbtadm+qxUZ5FUcOnIBTcA5scAEa4Ao0QQtgcA8ewBN4NubGo/FivC5b14zVzDH4AePtE5Ank3U=</latexit>

K
+

! ⇡
+

a

<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>

K

+ !
⇡
+ a

<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>

K
+

! ⇡
+(a ! e

+
e

�)

<latexit sha1_base64="8XKWNPokuglGgYVdWkPX2dTh9IY=">AAACAnicbVDLSgMxFM3UV62vqitxEyxCpTjMSEWXBTeCmwr2AZ1pyaS3bWgmMyQZoZTixl9x40IRt36FO//GtJ2FVg8EDufcy805QcyZ0o7zZWWWlldW17LruY3Nre2d/O5eXUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaATDq6nfuAepWCTu9CgGPyR9wXqMEm2kTv7gpl3ydOTFrF3CRWIohnYJ2qcnnXzBsZ0Z8F/ipqSAUlQ7+U+vG9EkBKEpJ0q1XCfW/phIzSiHSc5LFMSEDkkfWoYKEoLyx7MIE3xslC7uRdI8ofFM/bkxJqFSozAwkyHRA7XoTcX/vFaie5f+mIk40SDo/FAv4dgEnfaBu0wC1XxkCKGSmb9iOiCSUG1ay5kS3MXIf0n9zHbL9vltuVCx0zqy6BAdoSJy0QWqoGtURTVE0QN6Qi/o1Xq0nq03630+mrHSnX30C9bHN3DQlXk=</latexit>

K
0 S

!
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0
a

<latexit sha1_base64="0M+aht1N4YFO8HxBiX9A4Kzk23k=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgaegZs3kLeBG8RDQLZBl6Oj1Jk56F7h4ljPkULx4U8eqXePNv7CyCij4oeLxXRVU9L+ZMKoQ+jMzK6tr6RnYzt7W9s7tn5vebMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNz2d+65YKyaLwRk1i2gvwMGQ+I1hpyTXzl33kXsOuimA3Zn0EsWsWkIWqtuOUIbLKjlM5K2lyajtFVIK2heYogCXqrvneHUQkCWioCMdSdmwUq16KhWKE02mum0gaYzLGQ9rRNMQBlb10fvoUHmtlAP1I6AoVnKvfJ1IcSDkJPN0ZYDWSv72Z+JfXSZRf7aUsjBNFQ7JY5Ccc6kdnOcABE5QoPtEEE8H0rZCMsMBE6bRyOoSvT+H/pOlYdtEqXRULNWsZRxYcgiNwAmxQATVwAeqgAQi4Aw/gCTwb98aj8WK8LlozxnLmAPyA8fYJh5GS2A==</latexit>

K
+
!

µ
+ ⌫

a

<latexit sha1_base64="RL87PW+tmgj4ziEiCM6uHhbanv4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBGEQkmaBttdwY3gpoJ9QJOWyXTSDp1MwsxELKW/4saFIm79EXf+jZO2gooeuHA4517uvSdIGJXKsj6MtfWNza3t3E5+d2//4NA8KrRlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkE0wuM79zR4SkMb9V04T4ERpxGlKMlJYGZuG6X4KeiqEXpf2Sx1OIBmbRKluWU6tXoSaOa7k1TVzXqVccaGsrQxGs0ByY794wxmlEuMIMSdmzrUT5MyQUxYzM814qSYLwBI1IT1OOIiL92eL2OTzTyhCGsdDFFVyo3ydmKJJyGgW6M0JqLH97mfiX10tVWPNnlCepIhwvF4Upg/rXLAg4pIJgxaaaICyovhXiMRIIKx1XXofw9Sn8n7QrZbtadm+qxUZ5FUcOnIBTcA5scAEa4Ao0QQtgcA8ewBN4NubGo/FivC5b14zVzDH4AePtE5Ank3U=</latexit>

K
+

! µ
+

⌫a

<latexit sha1_base64="RL87PW+tmgj4ziEiCM6uHhbanv4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBGEQkmaBttdwY3gpoJ9QJOWyXTSDp1MwsxELKW/4saFIm79EXf+jZO2gooeuHA4517uvSdIGJXKsj6MtfWNza3t3E5+d2//4NA8KrRlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkE0wuM79zR4SkMb9V04T4ERpxGlKMlJYGZuG6X4KeiqEXpf2Sx1OIBmbRKluWU6tXoSaOa7k1TVzXqVccaGsrQxGs0ByY794wxmlEuMIMSdmzrUT5MyQUxYzM814qSYLwBI1IT1OOIiL92eL2OTzTyhCGsdDFFVyo3ydmKJJyGgW6M0JqLH97mfiX10tVWPNnlCepIhwvF4Upg/rXLAg4pIJgxaaaICyovhXiMRIIKx1XXofw9Sn8n7QrZbtadm+qxUZ5FUcOnIBTcA5scAEa4Ao0QQtgcA8ewBN4NubGo/FivC5b14zVzDH4AePtE5Ank3U=</latexit>

K+
! ⇡+

a

<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>

K 0
L ! ⇡+
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a

<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>

sign[✓a⌘ud ] = �sign[✓a⌘s ]

<latexit sha1_base64="gAS5XsEtHpvYPou/okB5G2/oEIM=">AAACKnicfVBNS8NAFNz4bf2qevQSLIIXSyIVvQhVLx4VbCs0oWw2L+3iZhN2X8QS8nu8+Fe8eFDEqz/EbdqDVnFg2WFmHrtvglRwjY7zbs3Mzs0vLC4tV1ZW19Y3qptbbZ1kikGLJSJRtwHVILiEFnIUcJsqoHEgoBPcXYz8zj0ozRN5g8MU/Jj2JY84o2ikXvXMQ3jAXPO+LLoeDgBpL6deeWVhUfinB/8ktAn0qjWn7pSwfxN3Qmpkgqte9cULE5bFIJEJqnXXdVL0c6qQMwFFxcs0pJTd0T50DZU0Bu3n5aqFvWeU0I4SZY5Eu1S/T+Q01noYByYZUxzoaW8k/uV1M4xO/JzLNEOQbPxQlAkbE3vUmx1yBQzF0BDKFDd/tdmAKsrQtFsxJbjTK/8m7cO626gfXTdqzfNJHUtkh+ySfeKSY9Ikl+SKtAgjj+SZvJI368l6sd6tj3F0xprMbJMfsD6/ACGaqiU=</latexit>

sign[✓a⌘ud ] = �sign[✓a⌘s ]

<latexit sha1_base64="gAS5XsEtHpvYPou/okB5G2/oEIM=">AAACKnicfVBNS8NAFNz4bf2qevQSLIIXSyIVvQhVLx4VbCs0oWw2L+3iZhN2X8QS8nu8+Fe8eFDEqz/EbdqDVnFg2WFmHrtvglRwjY7zbs3Mzs0vLC4tV1ZW19Y3qptbbZ1kikGLJSJRtwHVILiEFnIUcJsqoHEgoBPcXYz8zj0ozRN5g8MU/Jj2JY84o2ikXvXMQ3jAXPO+LLoeDgBpL6deeWVhUfinB/8ktAn0qjWn7pSwfxN3Qmpkgqte9cULE5bFIJEJqnXXdVL0c6qQMwFFxcs0pJTd0T50DZU0Bu3n5aqFvWeU0I4SZY5Eu1S/T+Q01noYByYZUxzoaW8k/uV1M4xO/JzLNEOQbPxQlAkbE3vUmx1yBQzF0BDKFDd/tdmAKsrQtFsxJbjTK/8m7cO626gfXTdqzfNJHUtkh+ySfeKSY9Ikl+SKtAgjj+SZvJI368l6sd6tj3F0xprMbJMfsD6/ACGaqiU=</latexit>

sign[✓a⌘ud ] = sign[✓a⌘s ]

<latexit sha1_base64="ZRMulwHOK7Ltwjzud62NH4Cy7yk=">AAACKXicfVDLSgMxFM3UV62vqks3g0VwVWakohuh6MZlBfuAzlAy6W0bmskMyR2xDPM7bvwVNwqKuvVHTB8LbcUDIYdzziW5J4gF1+g4H1ZuaXlldS2/XtjY3NreKe7uNXSUKAZ1FolItQKqQXAJdeQooBUroGEgoBkMr8Z+8w6U5pG8xVEMfkj7kvc4o2ikTrHqIdxjqnlfZm0PB4C0k1JvciXdLPMv/glo43eKJafsTGAvEndGSmSGWqf44nUjloQgkQmqddt1YvRTqpAzAVnBSzTElA1pH9qGShqC9tPJppl9ZJSu3YuUORLtifpzIqWh1qMwMMmQ4kDPe2PxL6+dYO/cT7mMEwTJpg/1EmFjZI9rs7tcAUMxMoQyxc1fbTagijI05RZMCe78youkcVJ2K+XTm0qpejmrI08OyCE5Ji45I1VyTWqkThh5IE/klbxZj9az9W59TqM5azazT37B+voGpLSp7g==</latexit>

sign[✓a⌘ud ] = sign[✓a⌘s ]

<latexit sha1_base64="ZRMulwHOK7Ltwjzud62NH4Cy7yk=">AAACKXicfVDLSgMxFM3UV62vqks3g0VwVWakohuh6MZlBfuAzlAy6W0bmskMyR2xDPM7bvwVNwqKuvVHTB8LbcUDIYdzziW5J4gF1+g4H1ZuaXlldS2/XtjY3NreKe7uNXSUKAZ1FolItQKqQXAJdeQooBUroGEgoBkMr8Z+8w6U5pG8xVEMfkj7kvc4o2ikTrHqIdxjqnlfZm0PB4C0k1JvciXdLPMv/glo43eKJafsTGAvEndGSmSGWqf44nUjloQgkQmqddt1YvRTqpAzAVnBSzTElA1pH9qGShqC9tPJppl9ZJSu3YuUORLtifpzIqWh1qMwMMmQ4kDPe2PxL6+dYO/cT7mMEwTJpg/1EmFjZI9rs7tcAUMxMoQyxc1fbTagijI05RZMCe78youkcVJ2K+XTm0qpejmrI08OyCE5Ji45I1VyTWqkThh5IE/klbxZj9az9W59TqM5azazT37B+voGpLSp7g==</latexit>

Figure 5. (Disclaimer: not intended as a realistic experimental sensitivity projection.) The dashed
lines show the reach of various axionic Kaon decays modes in the parameter space of the axion
isoscalar couplings, assuming a common branching ratio sensitivity benchmark of 10�8 for all decay
channels. The upper (lower) plots assume that octet enhancement in �PT is realized through
operator O8 (O0

8) defined in 5.1a (5.1b). The left (right) plots assume opposite (same) relative
sign between ✓a⌘

ud
and ✓a⌘s

. The orange and yellow bands favored by the 8Be and 4He anomalies
are the same as in Fig. 1. The shaded gray regions are excluded by the conservative upper bound
Br(K+

! ⇡
+(a ! e

+
e
�)) . 10�5, and by the observed rate for K

0
L ! e

+
e
�, cf. 5.36.

5.1.2 Axio-hadronic K
+

decays

For axio-hadronic Kaon decays, we must first obtain the contributions from operators
(5.1a), (5.1b), and (5.2) to the amplitudes for K

+
! ⇡

+
'
⇤ (' = ⇡

0
, ⌘ud, ⌘s). Putting K

+

and ⇡
+ on-shell, we have:

A
�
K

+
! ⇡

+
⇡
0⇤
�

= 3 g27
m

2
K

f⇡
� (g8 + 4g27)

m
2
⇡

f⇡
+ (g8 + g27)

p
2
⇡0

f⇡
, (5.12a)
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m
2
K
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m
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⇡

f⇡
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p
2
⌘ud

f⇡
, (5.12b)

A
�
K

+
! ⇡
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⌘
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�
=

p
2 g27

m
2
K

f⇡
�

p
2 (g8 + 2g27)

m
2
⇡

f⇡
+

p
2 (g8 + g27)

p
2
⌘s

f⇡
. (5.12c)

The axionic decay K
+

! ⇡
+
a is then induced by these amplitudes via axion-meson
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g8 ! 0

<latexit sha1_base64="BifqgYJWBxBZhg6UuVnWQlwPpSc=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgapiRil0W3LisYB/QDiWTZtrQTGZM7gil9CfcuFDErb/jzr8xbWehrQcCh3PuJfecMJXCoOd9O4WNza3tneJuaW//4PCofHzSMkmmGW+yRCa6E1LDpVC8iQIl76Sa0ziUvB2Ob+d++4lrIxL1gJOUBzEdKhEJRtFKnWG/1sOEeP1yxXO9Bcg68XNSgRyNfvmrN0hYFnOFTFJjur6XYjClGgWTfFbqZYanlI3pkHctVTTmJpgu7p2RC6sMSJRo+xSShfp7Y0pjYyZxaCdjiiOz6s3F/7xuhlEtmAqVZsgVW34UZZLYiPPwZCA0ZygnllCmhb2VsBHVlKGtqGRL8Fcjr5PWletX3ev7aqXu5nUU4QzO4RJ8uIE63EEDmsBAwjO8wpvz6Lw4787HcrTg5Dun8AfO5w8XP49L</latexit>
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0
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<latexit sha1_base64="S/UUii/jugkmUe0qY2eahnL/vOk=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyGRij0WvHisYD+giWGznbRLdzdhdyPU0l/ixYMiXv0p3vw3btsctPXBwOO9GWbmxRmjSnvet1Xa2Nza3invVvb2Dw6r9tFxR6W5JNAmKUtlL8YKGBXQ1lQz6GUSMI8ZdOPxzdzvPoJUNBX3epJByPFQ0IQSrI0U2dVh1HgIMkk5BDp1vMiuea63gLNO/ILUUIFWZH8Fg5TkHIQmDCvV971Mh1MsNSUMZpUgV5BhMsZD6BsqMAcVTheHz5xzowycJJWmhHYW6u+JKeZKTXhsOjnWI7XqzcX/vH6uk0Y4pSLLNQiyXJTkzDEvzlNwBlQC0WxiCCaSmlsdMsISE22yqpgQ/NWX10nn0vXr7tVdvdZ0izjK6BSdoQvko2vURLeohdqIoBw9o1f0Zj1ZL9a79bFsLVnFzAn6A+vzB/1dkpk=</latexit>
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<latexit sha1_base64="S/UUii/jugkmUe0qY2eahnL/vOk=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyGRij0WvHisYD+giWGznbRLdzdhdyPU0l/ixYMiXv0p3vw3btsctPXBwOO9GWbmxRmjSnvet1Xa2Nza3invVvb2Dw6r9tFxR6W5JNAmKUtlL8YKGBXQ1lQz6GUSMI8ZdOPxzdzvPoJUNBX3epJByPFQ0IQSrI0U2dVh1HgIMkk5BDp1vMiuea63gLNO/ILUUIFWZH8Fg5TkHIQmDCvV971Mh1MsNSUMZpUgV5BhMsZD6BsqMAcVTheHz5xzowycJJWmhHYW6u+JKeZKTXhsOjnWI7XqzcX/vH6uk0Y4pSLLNQiyXJTkzDEvzlNwBlQC0WxiCCaSmlsdMsISE22yqpgQ/NWX10nn0vXr7tVdvdZ0izjK6BSdoQvko2vURLeohdqIoBw9o1f0Zj1ZL9a79bFsLVnFzAn6A+vzB/1dkpk=</latexit>
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<latexit sha1_base64="BifqgYJWBxBZhg6UuVnWQlwPpSc=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgapiRil0W3LisYB/QDiWTZtrQTGZM7gil9CfcuFDErb/jzr8xbWehrQcCh3PuJfecMJXCoOd9O4WNza3tneJuaW//4PCofHzSMkmmGW+yRCa6E1LDpVC8iQIl76Sa0ziUvB2Ob+d++4lrIxL1gJOUBzEdKhEJRtFKnWG/1sOEeP1yxXO9Bcg68XNSgRyNfvmrN0hYFnOFTFJjur6XYjClGgWTfFbqZYanlI3pkHctVTTmJpgu7p2RC6sMSJRo+xSShfp7Y0pjYyZxaCdjiiOz6s3F/7xuhlEtmAqVZsgVW34UZZLYiPPwZCA0ZygnllCmhb2VsBHVlKGtqGRL8Fcjr5PWletX3ev7aqXu5nUU4QzO4RJ8uIE63EEDmsBAwjO8wpvz6Lw4787HcrTg5Dun8AfO5w8XP49L</latexit>
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<latexit sha1_base64="8XKWNPokuglGgYVdWkPX2dTh9IY=">AAACAnicbVDLSgMxFM3UV62vqitxEyxCpTjMSEWXBTeCmwr2AZ1pyaS3bWgmMyQZoZTixl9x40IRt36FO//GtJ2FVg8EDufcy805QcyZ0o7zZWWWlldW17LruY3Nre2d/O5eXUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaATDq6nfuAepWCTu9CgGPyR9wXqMEm2kTv7gpl3ydOTFrF3CRWIohnYJ2qcnnXzBsZ0Z8F/ipqSAUlQ7+U+vG9EkBKEpJ0q1XCfW/phIzSiHSc5LFMSEDkkfWoYKEoLyx7MIE3xslC7uRdI8ofFM/bkxJqFSozAwkyHRA7XoTcX/vFaie5f+mIk40SDo/FAv4dgEnfaBu0wC1XxkCKGSmb9iOiCSUG1ay5kS3MXIf0n9zHbL9vltuVCx0zqy6BAdoSJy0QWqoGtURTVE0QN6Qi/o1Xq0nq03630+mrHSnX30C9bHN3DQlXk=</latexit>
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<latexit sha1_base64="w/p3n5A9R7Lok7VH/sfFbMmG2uY=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEEMSRS0WXBjaCLCvYBbRom05t26OTBzEQpsZ/ixoUibv0Sd/6N0zYLbT1w4XDOvdx7j59wJpVtfxtLyyura+uFjeLm1vbOrlnaa8g4FRTqNOaxaPlEAmcR1BVTHFqJABL6HJr+8GriNx9ASBZH92qUgBuSfsQCRonSkmeWbrq2d4s7KsbQPdF16pll27KnwIvEyUkZ5ah55lenF9M0hEhRTqRsO3ai3IwIxSiHcbGTSkgIHZI+tDWNSAjSzaanj/GRVno4iIWuSOGp+nsiI6GUo9DXnSFRAznvTcT/vHaqgks3Y1GSKojobFGQcqwfneSAe0wAVXykCaGC6VsxHRBBqNJpFXUIzvzLi6RxZjkV6/yuUq5aeRwFdIAO0TFy0AWqomtUQ3VE0SN6Rq/ozXgyXox342PWumTkM/voD4zPH7Mrkko=</latexit>
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<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>
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<latexit sha1_base64="0M+aht1N4YFO8HxBiX9A4Kzk23k=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgaegZs3kLeBG8RDQLZBl6Oj1Jk56F7h4ljPkULx4U8eqXePNv7CyCij4oeLxXRVU9L+ZMKoQ+jMzK6tr6RnYzt7W9s7tn5vebMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNz2d+65YKyaLwRk1i2gvwMGQ+I1hpyTXzl33kXsOuimA3Zn0EsWsWkIWqtuOUIbLKjlM5K2lyajtFVIK2heYogCXqrvneHUQkCWioCMdSdmwUq16KhWKE02mum0gaYzLGQ9rRNMQBlb10fvoUHmtlAP1I6AoVnKvfJ1IcSDkJPN0ZYDWSv72Z+JfXSZRf7aUsjBNFQ7JY5Ccc6kdnOcABE5QoPtEEE8H0rZCMsMBE6bRyOoSvT+H/pOlYdtEqXRULNWsZRxYcgiNwAmxQATVwAeqgAQi4Aw/gCTwb98aj8WK8LlozxnLmAPyA8fYJh5GS2A==</latexit>
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<latexit sha1_base64="RL87PW+tmgj4ziEiCM6uHhbanv4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBGEQkmaBttdwY3gpoJ9QJOWyXTSDp1MwsxELKW/4saFIm79EXf+jZO2gooeuHA4517uvSdIGJXKsj6MtfWNza3t3E5+d2//4NA8KrRlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkE0wuM79zR4SkMb9V04T4ERpxGlKMlJYGZuG6X4KeiqEXpf2Sx1OIBmbRKluWU6tXoSaOa7k1TVzXqVccaGsrQxGs0ByY794wxmlEuMIMSdmzrUT5MyQUxYzM814qSYLwBI1IT1OOIiL92eL2OTzTyhCGsdDFFVyo3ydmKJJyGgW6M0JqLH97mfiX10tVWPNnlCepIhwvF4Upg/rXLAg4pIJgxaaaICyovhXiMRIIKx1XXofw9Sn8n7QrZbtadm+qxUZ5FUcOnIBTcA5scAEa4Ao0QQtgcA8ewBN4NubGo/FivC5b14zVzDH4AePtE5Ank3U=</latexit>
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<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>
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<latexit sha1_base64="8XKWNPokuglGgYVdWkPX2dTh9IY=">AAACAnicbVDLSgMxFM3UV62vqitxEyxCpTjMSEWXBTeCmwr2AZ1pyaS3bWgmMyQZoZTixl9x40IRt36FO//GtJ2FVg8EDufcy805QcyZ0o7zZWWWlldW17LruY3Nre2d/O5eXUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaATDq6nfuAepWCTu9CgGPyR9wXqMEm2kTv7gpl3ydOTFrF3CRWIohnYJ2qcnnXzBsZ0Z8F/ipqSAUlQ7+U+vG9EkBKEpJ0q1XCfW/phIzSiHSc5LFMSEDkkfWoYKEoLyx7MIE3xslC7uRdI8ofFM/bkxJqFSozAwkyHRA7XoTcX/vFaie5f+mIk40SDo/FAv4dgEnfaBu0wC1XxkCKGSmb9iOiCSUG1ay5kS3MXIf0n9zHbL9vltuVCx0zqy6BAdoSJy0QWqoGtURTVE0QN6Qi/o1Xq0nq03630+mrHSnX30C9bHN3DQlXk=</latexit>
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<latexit sha1_base64="8XKWNPokuglGgYVdWkPX2dTh9IY=">AAACAnicbVDLSgMxFM3UV62vqitxEyxCpTjMSEWXBTeCmwr2AZ1pyaS3bWgmMyQZoZTixl9x40IRt36FO//GtJ2FVg8EDufcy805QcyZ0o7zZWWWlldW17LruY3Nre2d/O5eXUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaATDq6nfuAepWCTu9CgGPyR9wXqMEm2kTv7gpl3ydOTFrF3CRWIohnYJ2qcnnXzBsZ0Z8F/ipqSAUlQ7+U+vG9EkBKEpJ0q1XCfW/phIzSiHSc5LFMSEDkkfWoYKEoLyx7MIE3xslC7uRdI8ofFM/bkxJqFSozAwkyHRA7XoTcX/vFaie5f+mIk40SDo/FAv4dgEnfaBu0wC1XxkCKGSmb9iOiCSUG1ay5kS3MXIf0n9zHbL9vltuVCx0zqy6BAdoSJy0QWqoGtURTVE0QN6Qi/o1Xq0nq03630+mrHSnX30C9bHN3DQlXk=</latexit>
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<latexit sha1_base64="RL87PW+tmgj4ziEiCM6uHhbanv4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBGEQkmaBttdwY3gpoJ9QJOWyXTSDp1MwsxELKW/4saFIm79EXf+jZO2gooeuHA4517uvSdIGJXKsj6MtfWNza3t3E5+d2//4NA8KrRlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkE0wuM79zR4SkMb9V04T4ERpxGlKMlJYGZuG6X4KeiqEXpf2Sx1OIBmbRKluWU6tXoSaOa7k1TVzXqVccaGsrQxGs0ByY794wxmlEuMIMSdmzrUT5MyQUxYzM814qSYLwBI1IT1OOIiL92eL2OTzTyhCGsdDFFVyo3ydmKJJyGgW6M0JqLH97mfiX10tVWPNnlCepIhwvF4Upg/rXLAg4pIJgxaaaICyovhXiMRIIKx1XXofw9Sn8n7QrZbtadm+qxUZ5FUcOnIBTcA5scAEa4Ao0QQtgcA8ewBN4NubGo/FivC5b14zVzDH4AePtE5Ank3U=</latexit>
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<latexit sha1_base64="0M+aht1N4YFO8HxBiX9A4Kzk23k=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgaegZs3kLeBG8RDQLZBl6Oj1Jk56F7h4ljPkULx4U8eqXePNv7CyCij4oeLxXRVU9L+ZMKoQ+jMzK6tr6RnYzt7W9s7tn5vebMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNz2d+65YKyaLwRk1i2gvwMGQ+I1hpyTXzl33kXsOuimA3Zn0EsWsWkIWqtuOUIbLKjlM5K2lyajtFVIK2heYogCXqrvneHUQkCWioCMdSdmwUq16KhWKE02mum0gaYzLGQ9rRNMQBlb10fvoUHmtlAP1I6AoVnKvfJ1IcSDkJPN0ZYDWSv72Z+JfXSZRf7aUsjBNFQ7JY5Ccc6kdnOcABE5QoPtEEE8H0rZCMsMBE6bRyOoSvT+H/pOlYdtEqXRULNWsZRxYcgiNwAmxQATVwAeqgAQi4Aw/gCTwb98aj8WK8LlozxnLmAPyA8fYJh5GS2A==</latexit>
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<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>
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<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>
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<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>
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<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>
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<latexit sha1_base64="w/p3n5A9R7Lok7VH/sfFbMmG2uY=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEEMSRS0WXBjaCLCvYBbRom05t26OTBzEQpsZ/ixoUibv0Sd/6N0zYLbT1w4XDOvdx7j59wJpVtfxtLyyura+uFjeLm1vbOrlnaa8g4FRTqNOaxaPlEAmcR1BVTHFqJABL6HJr+8GriNx9ASBZH92qUgBuSfsQCRonSkmeWbrq2d4s7KsbQPdF16pll27KnwIvEyUkZ5ah55lenF9M0hEhRTqRsO3ai3IwIxSiHcbGTSkgIHZI+tDWNSAjSzaanj/GRVno4iIWuSOGp+nsiI6GUo9DXnSFRAznvTcT/vHaqgks3Y1GSKojobFGQcqwfneSAe0wAVXykCaGC6VsxHRBBqNJpFXUIzvzLi6RxZjkV6/yuUq5aeRwFdIAO0TFy0AWqomtUQ3VE0SN6Rq/ozXgyXox342PWumTkM/voD4zPH7Mrkko=</latexit>
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<latexit sha1_base64="8XKWNPokuglGgYVdWkPX2dTh9IY=">AAACAnicbVDLSgMxFM3UV62vqitxEyxCpTjMSEWXBTeCmwr2AZ1pyaS3bWgmMyQZoZTixl9x40IRt36FO//GtJ2FVg8EDufcy805QcyZ0o7zZWWWlldW17LruY3Nre2d/O5eXUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaATDq6nfuAepWCTu9CgGPyR9wXqMEm2kTv7gpl3ydOTFrF3CRWIohnYJ2qcnnXzBsZ0Z8F/ipqSAUlQ7+U+vG9EkBKEpJ0q1XCfW/phIzSiHSc5LFMSEDkkfWoYKEoLyx7MIE3xslC7uRdI8ofFM/bkxJqFSozAwkyHRA7XoTcX/vFaie5f+mIk40SDo/FAv4dgEnfaBu0wC1XxkCKGSmb9iOiCSUG1ay5kS3MXIf0n9zHbL9vltuVCx0zqy6BAdoSJy0QWqoGtURTVE0QN6Qi/o1Xq0nq03630+mrHSnX30C9bHN3DQlXk=</latexit>

K
0
L ! ⇡

+
⇡

�
a

<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>
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<latexit sha1_base64="0M+aht1N4YFO8HxBiX9A4Kzk23k=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgaegZs3kLeBG8RDQLZBl6Oj1Jk56F7h4ljPkULx4U8eqXePNv7CyCij4oeLxXRVU9L+ZMKoQ+jMzK6tr6RnYzt7W9s7tn5vebMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNz2d+65YKyaLwRk1i2gvwMGQ+I1hpyTXzl33kXsOuimA3Zn0EsWsWkIWqtuOUIbLKjlM5K2lyajtFVIK2heYogCXqrvneHUQkCWioCMdSdmwUq16KhWKE02mum0gaYzLGQ9rRNMQBlb10fvoUHmtlAP1I6AoVnKvfJ1IcSDkJPN0ZYDWSv72Z+JfXSZRf7aUsjBNFQ7JY5Ccc6kdnOcABE5QoPtEEE8H0rZCMsMBE6bRyOoSvT+H/pOlYdtEqXRULNWsZRxYcgiNwAmxQATVwAeqgAQi4Aw/gCTwb98aj8WK8LlozxnLmAPyA8fYJh5GS2A==</latexit>
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<latexit sha1_base64="RL87PW+tmgj4ziEiCM6uHhbanv4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBGEQkmaBttdwY3gpoJ9QJOWyXTSDp1MwsxELKW/4saFIm79EXf+jZO2gooeuHA4517uvSdIGJXKsj6MtfWNza3t3E5+d2//4NA8KrRlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkE0wuM79zR4SkMb9V04T4ERpxGlKMlJYGZuG6X4KeiqEXpf2Sx1OIBmbRKluWU6tXoSaOa7k1TVzXqVccaGsrQxGs0ByY794wxmlEuMIMSdmzrUT5MyQUxYzM814qSYLwBI1IT1OOIiL92eL2OTzTyhCGsdDFFVyo3ydmKJJyGgW6M0JqLH97mfiX10tVWPNnlCepIhwvF4Upg/rXLAg4pIJgxaaaICyovhXiMRIIKx1XXofw9Sn8n7QrZbtadm+qxUZ5FUcOnIBTcA5scAEa4Ao0QQtgcA8ewBN4NubGo/FivC5b14zVzDH4AePtE5Ank3U=</latexit>
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<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>
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<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>
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<latexit sha1_base64="8XKWNPokuglGgYVdWkPX2dTh9IY=">AAACAnicbVDLSgMxFM3UV62vqitxEyxCpTjMSEWXBTeCmwr2AZ1pyaS3bWgmMyQZoZTixl9x40IRt36FO//GtJ2FVg8EDufcy805QcyZ0o7zZWWWlldW17LruY3Nre2d/O5eXUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaATDq6nfuAepWCTu9CgGPyR9wXqMEm2kTv7gpl3ydOTFrF3CRWIohnYJ2qcnnXzBsZ0Z8F/ipqSAUlQ7+U+vG9EkBKEpJ0q1XCfW/phIzSiHSc5LFMSEDkkfWoYKEoLyx7MIE3xslC7uRdI8ofFM/bkxJqFSozAwkyHRA7XoTcX/vFaie5f+mIk40SDo/FAv4dgEnfaBu0wC1XxkCKGSmb9iOiCSUG1ay5kS3MXIf0n9zHbL9vltuVCx0zqy6BAdoSJy0QWqoGtURTVE0QN6Qi/o1Xq0nq03630+mrHSnX30C9bHN3DQlXk=</latexit>
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<latexit sha1_base64="0M+aht1N4YFO8HxBiX9A4Kzk23k=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgaegZs3kLeBG8RDQLZBl6Oj1Jk56F7h4ljPkULx4U8eqXePNv7CyCij4oeLxXRVU9L+ZMKoQ+jMzK6tr6RnYzt7W9s7tn5vebMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNz2d+65YKyaLwRk1i2gvwMGQ+I1hpyTXzl33kXsOuimA3Zn0EsWsWkIWqtuOUIbLKjlM5K2lyajtFVIK2heYogCXqrvneHUQkCWioCMdSdmwUq16KhWKE02mum0gaYzLGQ9rRNMQBlb10fvoUHmtlAP1I6AoVnKvfJ1IcSDkJPN0ZYDWSv72Z+JfXSZRf7aUsjBNFQ7JY5Ccc6kdnOcABE5QoPtEEE8H0rZCMsMBE6bRyOoSvT+H/pOlYdtEqXRULNWsZRxYcgiNwAmxQATVwAeqgAQi4Aw/gCTwb98aj8WK8LlozxnLmAPyA8fYJh5GS2A==</latexit>
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<latexit sha1_base64="RL87PW+tmgj4ziEiCM6uHhbanv4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBGEQkmaBttdwY3gpoJ9QJOWyXTSDp1MwsxELKW/4saFIm79EXf+jZO2gooeuHA4517uvSdIGJXKsj6MtfWNza3t3E5+d2//4NA8KrRlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkE0wuM79zR4SkMb9V04T4ERpxGlKMlJYGZuG6X4KeiqEXpf2Sx1OIBmbRKluWU6tXoSaOa7k1TVzXqVccaGsrQxGs0ByY794wxmlEuMIMSdmzrUT5MyQUxYzM814qSYLwBI1IT1OOIiL92eL2OTzTyhCGsdDFFVyo3ydmKJJyGgW6M0JqLH97mfiX10tVWPNnlCepIhwvF4Upg/rXLAg4pIJgxaaaICyovhXiMRIIKx1XXofw9Sn8n7QrZbtadm+qxUZ5FUcOnIBTcA5scAEa4Ao0QQtgcA8ewBN4NubGo/FivC5b14zVzDH4AePtE5Ank3U=</latexit>
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<latexit sha1_base64="RL87PW+tmgj4ziEiCM6uHhbanv4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBGEQkmaBttdwY3gpoJ9QJOWyXTSDp1MwsxELKW/4saFIm79EXf+jZO2gooeuHA4517uvSdIGJXKsj6MtfWNza3t3E5+d2//4NA8KrRlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkE0wuM79zR4SkMb9V04T4ERpxGlKMlJYGZuG6X4KeiqEXpf2Sx1OIBmbRKluWU6tXoSaOa7k1TVzXqVccaGsrQxGs0ByY794wxmlEuMIMSdmzrUT5MyQUxYzM814qSYLwBI1IT1OOIiL92eL2OTzTyhCGsdDFFVyo3ydmKJJyGgW6M0JqLH97mfiX10tVWPNnlCepIhwvF4Upg/rXLAg4pIJgxaaaICyovhXiMRIIKx1XXofw9Sn8n7QrZbtadm+qxUZ5FUcOnIBTcA5scAEa4Ao0QQtgcA8ewBN4NubGo/FivC5b14zVzDH4AePtE5Ank3U=</latexit>
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<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>
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<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>

sign[✓a⌘ud ] = �sign[✓a⌘s ]

<latexit sha1_base64="gAS5XsEtHpvYPou/okB5G2/oEIM=">AAACKnicfVBNS8NAFNz4bf2qevQSLIIXSyIVvQhVLx4VbCs0oWw2L+3iZhN2X8QS8nu8+Fe8eFDEqz/EbdqDVnFg2WFmHrtvglRwjY7zbs3Mzs0vLC4tV1ZW19Y3qptbbZ1kikGLJSJRtwHVILiEFnIUcJsqoHEgoBPcXYz8zj0ozRN5g8MU/Jj2JY84o2ikXvXMQ3jAXPO+LLoeDgBpL6deeWVhUfinB/8ktAn0qjWn7pSwfxN3Qmpkgqte9cULE5bFIJEJqnXXdVL0c6qQMwFFxcs0pJTd0T50DZU0Bu3n5aqFvWeU0I4SZY5Eu1S/T+Q01noYByYZUxzoaW8k/uV1M4xO/JzLNEOQbPxQlAkbE3vUmx1yBQzF0BDKFDd/tdmAKsrQtFsxJbjTK/8m7cO626gfXTdqzfNJHUtkh+ySfeKSY9Ikl+SKtAgjj+SZvJI368l6sd6tj3F0xprMbJMfsD6/ACGaqiU=</latexit>

sign[✓a⌘ud ] = �sign[✓a⌘s ]

<latexit sha1_base64="gAS5XsEtHpvYPou/okB5G2/oEIM=">AAACKnicfVBNS8NAFNz4bf2qevQSLIIXSyIVvQhVLx4VbCs0oWw2L+3iZhN2X8QS8nu8+Fe8eFDEqz/EbdqDVnFg2WFmHrtvglRwjY7zbs3Mzs0vLC4tV1ZW19Y3qptbbZ1kikGLJSJRtwHVILiEFnIUcJsqoHEgoBPcXYz8zj0ozRN5g8MU/Jj2JY84o2ikXvXMQ3jAXPO+LLoeDgBpL6deeWVhUfinB/8ktAn0qjWn7pSwfxN3Qmpkgqte9cULE5bFIJEJqnXXdVL0c6qQMwFFxcs0pJTd0T50DZU0Bu3n5aqFvWeU0I4SZY5Eu1S/T+Q01noYByYZUxzoaW8k/uV1M4xO/JzLNEOQbPxQlAkbE3vUmx1yBQzF0BDKFDd/tdmAKsrQtFsxJbjTK/8m7cO626gfXTdqzfNJHUtkh+ySfeKSY9Ikl+SKtAgjj+SZvJI368l6sd6tj3F0xprMbJMfsD6/ACGaqiU=</latexit>

sign[✓a⌘ud ] = sign[✓a⌘s ]

<latexit sha1_base64="ZRMulwHOK7Ltwjzud62NH4Cy7yk=">AAACKXicfVDLSgMxFM3UV62vqks3g0VwVWakohuh6MZlBfuAzlAy6W0bmskMyR2xDPM7bvwVNwqKuvVHTB8LbcUDIYdzziW5J4gF1+g4H1ZuaXlldS2/XtjY3NreKe7uNXSUKAZ1FolItQKqQXAJdeQooBUroGEgoBkMr8Z+8w6U5pG8xVEMfkj7kvc4o2ikTrHqIdxjqnlfZm0PB4C0k1JvciXdLPMv/glo43eKJafsTGAvEndGSmSGWqf44nUjloQgkQmqddt1YvRTqpAzAVnBSzTElA1pH9qGShqC9tPJppl9ZJSu3YuUORLtifpzIqWh1qMwMMmQ4kDPe2PxL6+dYO/cT7mMEwTJpg/1EmFjZI9rs7tcAUMxMoQyxc1fbTagijI05RZMCe78youkcVJ2K+XTm0qpejmrI08OyCE5Ji45I1VyTWqkThh5IE/klbxZj9az9W59TqM5azazT37B+voGpLSp7g==</latexit>

sign[✓a⌘ud ] = sign[✓a⌘s ]

<latexit sha1_base64="ZRMulwHOK7Ltwjzud62NH4Cy7yk=">AAACKXicfVDLSgMxFM3UV62vqks3g0VwVWakohuh6MZlBfuAzlAy6W0bmskMyR2xDPM7bvwVNwqKuvVHTB8LbcUDIYdzziW5J4gF1+g4H1ZuaXlldS2/XtjY3NreKe7uNXSUKAZ1FolItQKqQXAJdeQooBUroGEgoBkMr8Z+8w6U5pG8xVEMfkj7kvc4o2ikTrHqIdxjqnlfZm0PB4C0k1JvciXdLPMv/glo43eKJafsTGAvEndGSmSGWqf44nUjloQgkQmqddt1YvRTqpAzAVnBSzTElA1pH9qGShqC9tPJppl9ZJSu3YuUORLtifpzIqWh1qMwMMmQ4kDPe2PxL6+dYO/cT7mMEwTJpg/1EmFjZI9rs7tcAUMxMoQyxc1fbTagijI05RZMCe78youkcVJ2K+XTm0qpejmrI08OyCE5Ji45I1VyTWqkThh5IE/klbxZj9az9W59TqM5azazT37B+voGpLSp7g==</latexit>

Figure 5. (Disclaimer: not intended as a realistic experimental sensitivity projection.) The dashed
lines show the reach of various axionic Kaon decays modes in the parameter space of the axion
isoscalar couplings, assuming a common branching ratio sensitivity benchmark of 10�8 for all decay
channels. The upper (lower) plots assume that octet enhancement in �PT is realized through
operator O8 (O0

8) defined in 5.1a (5.1b). The left (right) plots assume opposite (same) relative
sign between ✓a⌘

ud
and ✓a⌘s

. The orange and yellow bands favored by the 8Be and 4He anomalies
are the same as in Fig. 1. The shaded gray regions are excluded by the conservative upper bound
Br(K+

! ⇡
+(a ! e

+
e
�)) . 10�5, and by the observed rate for K

0
L ! e

+
e
�, cf. 5.36.

5.1.2 Axio-hadronic K
+

decays

For axio-hadronic Kaon decays, we must first obtain the contributions from operators
(5.1a), (5.1b), and (5.2) to the amplitudes for K

+
! ⇡

+
'
⇤ (' = ⇡

0
, ⌘ud, ⌘s). Putting K

+

and ⇡
+ on-shell, we have:

A
�
K

+
! ⇡

+
⇡
0⇤
�

= 3 g27
m

2
K

f⇡
� (g8 + 4g27)

m
2
⇡

f⇡
+ (g8 + g27)

p
2
⇡0

f⇡
, (5.12a)

A
�
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+
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m
2
K

f⇡
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m
2
⇡

f⇡
� (g8 + g27)

p
2
⌘ud

f⇡
, (5.12b)

A
�
K
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! ⇡

+
⌘
⇤

s

�
=

p
2 g27

m
2
K

f⇡
�

p
2 (g8 + 2g27)

m
2
⇡

f⇡
+

p
2 (g8 + g27)

p
2
⌘s

f⇡
. (5.12c)

The axionic decay K
+

! ⇡
+
a is then induced by these amplitudes via axion-meson

– 26 –

Dashed lines show the branching ratio benchmark of   for all decay channels10�8

<latexit sha1_base64="FhtoraXXOURooW75ux8CSEPf/Nk=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgxbArEXMMevEYwTwgiWF20psMmZ1dZmaFsOQjvHhQxKvf482/cZLsQRMLGoqqbrq7/FhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGptk81Ci6xYbgR2I4V0tAX2PLHtzO/9YRK80g+mEmMvZAOJQ84o8ZKLc99TC+q036x5JbdOcgq8TJSggz1fvGrO4hYEqI0TFCtO54bm15KleFM4LTQTTTGlI3pEDuWShqi7qXzc6fkzCoDEkTKljRkrv6eSGmo9ST0bWdIzUgvezPxP6+TmKDaS7mME4OSLRYFiSAmIrPfyYArZEZMLKFMcXsrYSOqKDM2oYINwVt+eZU0L8tepXx1XynVbrI48nACp3AOHlxDDe6gDg1gMIZneIU3J3ZenHfnY9Gac7KZY/gD5/MHSKSO5A==</latexit>
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g8 ! 0

<latexit sha1_base64="BifqgYJWBxBZhg6UuVnWQlwPpSc=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgapiRil0W3LisYB/QDiWTZtrQTGZM7gil9CfcuFDErb/jzr8xbWehrQcCh3PuJfecMJXCoOd9O4WNza3tneJuaW//4PCofHzSMkmmGW+yRCa6E1LDpVC8iQIl76Sa0ziUvB2Ob+d++4lrIxL1gJOUBzEdKhEJRtFKnWG/1sOEeP1yxXO9Bcg68XNSgRyNfvmrN0hYFnOFTFJjur6XYjClGgWTfFbqZYanlI3pkHctVTTmJpgu7p2RC6sMSJRo+xSShfp7Y0pjYyZxaCdjiiOz6s3F/7xuhlEtmAqVZsgVW34UZZLYiPPwZCA0ZygnllCmhb2VsBHVlKGtqGRL8Fcjr5PWletX3ev7aqXu5nUU4QzO4RJ8uIE63EEDmsBAwjO8wpvz6Lw4787HcrTg5Dun8AfO5w8XP49L</latexit>

g
0
8 ! 0

<latexit sha1_base64="S/UUii/jugkmUe0qY2eahnL/vOk=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyGRij0WvHisYD+giWGznbRLdzdhdyPU0l/ixYMiXv0p3vw3btsctPXBwOO9GWbmxRmjSnvet1Xa2Nza3invVvb2Dw6r9tFxR6W5JNAmKUtlL8YKGBXQ1lQz6GUSMI8ZdOPxzdzvPoJUNBX3epJByPFQ0IQSrI0U2dVh1HgIMkk5BDp1vMiuea63gLNO/ILUUIFWZH8Fg5TkHIQmDCvV971Mh1MsNSUMZpUgV5BhMsZD6BsqMAcVTheHz5xzowycJJWmhHYW6u+JKeZKTXhsOjnWI7XqzcX/vH6uk0Y4pSLLNQiyXJTkzDEvzlNwBlQC0WxiCCaSmlsdMsISE22yqpgQ/NWX10nn0vXr7tVdvdZ0izjK6BSdoQvko2vURLeohdqIoBw9o1f0Zj1ZL9a79bFsLVnFzAn6A+vzB/1dkpk=</latexit>

g
0
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<latexit sha1_base64="S/UUii/jugkmUe0qY2eahnL/vOk=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyGRij0WvHisYD+giWGznbRLdzdhdyPU0l/ixYMiXv0p3vw3btsctPXBwOO9GWbmxRmjSnvet1Xa2Nza3invVvb2Dw6r9tFxR6W5JNAmKUtlL8YKGBXQ1lQz6GUSMI8ZdOPxzdzvPoJUNBX3epJByPFQ0IQSrI0U2dVh1HgIMkk5BDp1vMiuea63gLNO/ILUUIFWZH8Fg5TkHIQmDCvV971Mh1MsNSUMZpUgV5BhMsZD6BsqMAcVTheHz5xzowycJJWmhHYW6u+JKeZKTXhsOjnWI7XqzcX/vH6uk0Y4pSLLNQiyXJTkzDEvzlNwBlQC0WxiCCaSmlsdMsISE22yqpgQ/NWX10nn0vXr7tVdvdZ0izjK6BSdoQvko2vURLeohdqIoBw9o1f0Zj1ZL9a79bFsLVnFzAn6A+vzB/1dkpk=</latexit>

g8 ! 0

<latexit sha1_base64="BifqgYJWBxBZhg6UuVnWQlwPpSc=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgapiRil0W3LisYB/QDiWTZtrQTGZM7gil9CfcuFDErb/jzr8xbWehrQcCh3PuJfecMJXCoOd9O4WNza3tneJuaW//4PCofHzSMkmmGW+yRCa6E1LDpVC8iQIl76Sa0ziUvB2Ob+d++4lrIxL1gJOUBzEdKhEJRtFKnWG/1sOEeP1yxXO9Bcg68XNSgRyNfvmrN0hYFnOFTFJjur6XYjClGgWTfFbqZYanlI3pkHctVTTmJpgu7p2RC6sMSJRo+xSShfp7Y0pjYyZxaCdjiiOz6s3F/7xuhlEtmAqVZsgVW34UZZLYiPPwZCA0ZygnllCmhb2VsBHVlKGtqGRL8Fcjr5PWletX3ev7aqXu5nUU4QzO4RJ8uIE63EEDmsBAwjO8wpvz6Lw4787HcrTg5Dun8AfO5w8XP49L</latexit>
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<latexit sha1_base64="8XKWNPokuglGgYVdWkPX2dTh9IY=">AAACAnicbVDLSgMxFM3UV62vqitxEyxCpTjMSEWXBTeCmwr2AZ1pyaS3bWgmMyQZoZTixl9x40IRt36FO//GtJ2FVg8EDufcy805QcyZ0o7zZWWWlldW17LruY3Nre2d/O5eXUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaATDq6nfuAepWCTu9CgGPyR9wXqMEm2kTv7gpl3ydOTFrF3CRWIohnYJ2qcnnXzBsZ0Z8F/ipqSAUlQ7+U+vG9EkBKEpJ0q1XCfW/phIzSiHSc5LFMSEDkkfWoYKEoLyx7MIE3xslC7uRdI8ofFM/bkxJqFSozAwkyHRA7XoTcX/vFaie5f+mIk40SDo/FAv4dgEnfaBu0wC1XxkCKGSmb9iOiCSUG1ay5kS3MXIf0n9zHbL9vltuVCx0zqy6BAdoSJy0QWqoGtURTVE0QN6Qi/o1Xq0nq03630+mrHSnX30C9bHN3DQlXk=</latexit>
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!
e
+
e

�

<latexit sha1_base64="w/p3n5A9R7Lok7VH/sfFbMmG2uY=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEEMSRS0WXBjaCLCvYBbRom05t26OTBzEQpsZ/ixoUibv0Sd/6N0zYLbT1w4XDOvdx7j59wJpVtfxtLyyura+uFjeLm1vbOrlnaa8g4FRTqNOaxaPlEAmcR1BVTHFqJABL6HJr+8GriNx9ASBZH92qUgBuSfsQCRonSkmeWbrq2d4s7KsbQPdF16pll27KnwIvEyUkZ5ah55lenF9M0hEhRTqRsO3ai3IwIxSiHcbGTSkgIHZI+tDWNSAjSzaanj/GRVno4iIWuSOGp+nsiI6GUo9DXnSFRAznvTcT/vHaqgks3Y1GSKojobFGQcqwfneSAe0wAVXykCaGC6VsxHRBBqNJpFXUIzvzLi6RxZjkV6/yuUq5aeRwFdIAO0TFy0AWqomtUQ3VE0SN6Rq/ozXgyXox342PWumTkM/voD4zPH7Mrkko=</latexit>
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<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>
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<latexit sha1_base64="0M+aht1N4YFO8HxBiX9A4Kzk23k=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgaegZs3kLeBG8RDQLZBl6Oj1Jk56F7h4ljPkULx4U8eqXePNv7CyCij4oeLxXRVU9L+ZMKoQ+jMzK6tr6RnYzt7W9s7tn5vebMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNz2d+65YKyaLwRk1i2gvwMGQ+I1hpyTXzl33kXsOuimA3Zn0EsWsWkIWqtuOUIbLKjlM5K2lyajtFVIK2heYogCXqrvneHUQkCWioCMdSdmwUq16KhWKE02mum0gaYzLGQ9rRNMQBlb10fvoUHmtlAP1I6AoVnKvfJ1IcSDkJPN0ZYDWSv72Z+JfXSZRf7aUsjBNFQ7JY5Ccc6kdnOcABE5QoPtEEE8H0rZCMsMBE6bRyOoSvT+H/pOlYdtEqXRULNWsZRxYcgiNwAmxQATVwAeqgAQi4Aw/gCTwb98aj8WK8LlozxnLmAPyA8fYJh5GS2A==</latexit>
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<latexit sha1_base64="RL87PW+tmgj4ziEiCM6uHhbanv4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBGEQkmaBttdwY3gpoJ9QJOWyXTSDp1MwsxELKW/4saFIm79EXf+jZO2gooeuHA4517uvSdIGJXKsj6MtfWNza3t3E5+d2//4NA8KrRlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkE0wuM79zR4SkMb9V04T4ERpxGlKMlJYGZuG6X4KeiqEXpf2Sx1OIBmbRKluWU6tXoSaOa7k1TVzXqVccaGsrQxGs0ByY794wxmlEuMIMSdmzrUT5MyQUxYzM814qSYLwBI1IT1OOIiL92eL2OTzTyhCGsdDFFVyo3ydmKJJyGgW6M0JqLH97mfiX10tVWPNnlCepIhwvF4Upg/rXLAg4pIJgxaaaICyovhXiMRIIKx1XXofw9Sn8n7QrZbtadm+qxUZ5FUcOnIBTcA5scAEa4Ao0QQtgcA8ewBN4NubGo/FivC5b14zVzDH4AePtE5Ank3U=</latexit>
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<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>
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<latexit sha1_base64="8XKWNPokuglGgYVdWkPX2dTh9IY=">AAACAnicbVDLSgMxFM3UV62vqitxEyxCpTjMSEWXBTeCmwr2AZ1pyaS3bWgmMyQZoZTixl9x40IRt36FO//GtJ2FVg8EDufcy805QcyZ0o7zZWWWlldW17LruY3Nre2d/O5eXUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaATDq6nfuAepWCTu9CgGPyR9wXqMEm2kTv7gpl3ydOTFrF3CRWIohnYJ2qcnnXzBsZ0Z8F/ipqSAUlQ7+U+vG9EkBKEpJ0q1XCfW/phIzSiHSc5LFMSEDkkfWoYKEoLyx7MIE3xslC7uRdI8ofFM/bkxJqFSozAwkyHRA7XoTcX/vFaie5f+mIk40SDo/FAv4dgEnfaBu0wC1XxkCKGSmb9iOiCSUG1ay5kS3MXIf0n9zHbL9vltuVCx0zqy6BAdoSJy0QWqoGtURTVE0QN6Qi/o1Xq0nq03630+mrHSnX30C9bHN3DQlXk=</latexit>

K
+

!
⇡

+
(a

!
e
+
e

�
)

<latexit sha1_base64="8XKWNPokuglGgYVdWkPX2dTh9IY=">AAACAnicbVDLSgMxFM3UV62vqitxEyxCpTjMSEWXBTeCmwr2AZ1pyaS3bWgmMyQZoZTixl9x40IRt36FO//GtJ2FVg8EDufcy805QcyZ0o7zZWWWlldW17LruY3Nre2d/O5eXUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaATDq6nfuAepWCTu9CgGPyR9wXqMEm2kTv7gpl3ydOTFrF3CRWIohnYJ2qcnnXzBsZ0Z8F/ipqSAUlQ7+U+vG9EkBKEpJ0q1XCfW/phIzSiHSc5LFMSEDkkfWoYKEoLyx7MIE3xslC7uRdI8ofFM/bkxJqFSozAwkyHRA7XoTcX/vFaie5f+mIk40SDo/FAv4dgEnfaBu0wC1XxkCKGSmb9iOiCSUG1ay5kS3MXIf0n9zHbL9vltuVCx0zqy6BAdoSJy0QWqoGtURTVE0QN6Qi/o1Xq0nq03630+mrHSnX30C9bHN3DQlXk=</latexit>
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<latexit sha1_base64="RL87PW+tmgj4ziEiCM6uHhbanv4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBGEQkmaBttdwY3gpoJ9QJOWyXTSDp1MwsxELKW/4saFIm79EXf+jZO2gooeuHA4517uvSdIGJXKsj6MtfWNza3t3E5+d2//4NA8KrRlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkE0wuM79zR4SkMb9V04T4ERpxGlKMlJYGZuG6X4KeiqEXpf2Sx1OIBmbRKluWU6tXoSaOa7k1TVzXqVccaGsrQxGs0ByY794wxmlEuMIMSdmzrUT5MyQUxYzM814qSYLwBI1IT1OOIiL92eL2OTzTyhCGsdDFFVyo3ydmKJJyGgW6M0JqLH97mfiX10tVWPNnlCepIhwvF4Upg/rXLAg4pIJgxaaaICyovhXiMRIIKx1XXofw9Sn8n7QrZbtadm+qxUZ5FUcOnIBTcA5scAEa4Ao0QQtgcA8ewBN4NubGo/FivC5b14zVzDH4AePtE5Ank3U=</latexit>
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a

<latexit sha1_base64="0M+aht1N4YFO8HxBiX9A4Kzk23k=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgaegZs3kLeBG8RDQLZBl6Oj1Jk56F7h4ljPkULx4U8eqXePNv7CyCij4oeLxXRVU9L+ZMKoQ+jMzK6tr6RnYzt7W9s7tn5vebMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNz2d+65YKyaLwRk1i2gvwMGQ+I1hpyTXzl33kXsOuimA3Zn0EsWsWkIWqtuOUIbLKjlM5K2lyajtFVIK2heYogCXqrvneHUQkCWioCMdSdmwUq16KhWKE02mum0gaYzLGQ9rRNMQBlb10fvoUHmtlAP1I6AoVnKvfJ1IcSDkJPN0ZYDWSv72Z+JfXSZRf7aUsjBNFQ7JY5Ccc6kdnOcABE5QoPtEEE8H0rZCMsMBE6bRyOoSvT+H/pOlYdtEqXRULNWsZRxYcgiNwAmxQATVwAeqgAQi4Aw/gCTwb98aj8WK8LlozxnLmAPyA8fYJh5GS2A==</latexit>
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<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>
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+ a

<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>
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<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>
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<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>
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<latexit sha1_base64="w/p3n5A9R7Lok7VH/sfFbMmG2uY=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEEMSRS0WXBjaCLCvYBbRom05t26OTBzEQpsZ/ixoUibv0Sd/6N0zYLbT1w4XDOvdx7j59wJpVtfxtLyyura+uFjeLm1vbOrlnaa8g4FRTqNOaxaPlEAmcR1BVTHFqJABL6HJr+8GriNx9ASBZH92qUgBuSfsQCRonSkmeWbrq2d4s7KsbQPdF16pll27KnwIvEyUkZ5ah55lenF9M0hEhRTqRsO3ai3IwIxSiHcbGTSkgIHZI+tDWNSAjSzaanj/GRVno4iIWuSOGp+nsiI6GUo9DXnSFRAznvTcT/vHaqgks3Y1GSKojobFGQcqwfneSAe0wAVXykCaGC6VsxHRBBqNJpFXUIzvzLi6RxZjkV6/yuUq5aeRwFdIAO0TFy0AWqomtUQ3VE0SN6Rq/ozXgyXox342PWumTkM/voD4zPH7Mrkko=</latexit>
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<latexit sha1_base64="8XKWNPokuglGgYVdWkPX2dTh9IY=">AAACAnicbVDLSgMxFM3UV62vqitxEyxCpTjMSEWXBTeCmwr2AZ1pyaS3bWgmMyQZoZTixl9x40IRt36FO//GtJ2FVg8EDufcy805QcyZ0o7zZWWWlldW17LruY3Nre2d/O5eXUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaATDq6nfuAepWCTu9CgGPyR9wXqMEm2kTv7gpl3ydOTFrF3CRWIohnYJ2qcnnXzBsZ0Z8F/ipqSAUlQ7+U+vG9EkBKEpJ0q1XCfW/phIzSiHSc5LFMSEDkkfWoYKEoLyx7MIE3xslC7uRdI8ofFM/bkxJqFSozAwkyHRA7XoTcX/vFaie5f+mIk40SDo/FAv4dgEnfaBu0wC1XxkCKGSmb9iOiCSUG1ay5kS3MXIf0n9zHbL9vltuVCx0zqy6BAdoSJy0QWqoGtURTVE0QN6Qi/o1Xq0nq03630+mrHSnX30C9bHN3DQlXk=</latexit>
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<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>
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<latexit sha1_base64="0M+aht1N4YFO8HxBiX9A4Kzk23k=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgaegZs3kLeBG8RDQLZBl6Oj1Jk56F7h4ljPkULx4U8eqXePNv7CyCij4oeLxXRVU9L+ZMKoQ+jMzK6tr6RnYzt7W9s7tn5vebMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNz2d+65YKyaLwRk1i2gvwMGQ+I1hpyTXzl33kXsOuimA3Zn0EsWsWkIWqtuOUIbLKjlM5K2lyajtFVIK2heYogCXqrvneHUQkCWioCMdSdmwUq16KhWKE02mum0gaYzLGQ9rRNMQBlb10fvoUHmtlAP1I6AoVnKvfJ1IcSDkJPN0ZYDWSv72Z+JfXSZRf7aUsjBNFQ7JY5Ccc6kdnOcABE5QoPtEEE8H0rZCMsMBE6bRyOoSvT+H/pOlYdtEqXRULNWsZRxYcgiNwAmxQATVwAeqgAQi4Aw/gCTwb98aj8WK8LlozxnLmAPyA8fYJh5GS2A==</latexit>
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<latexit sha1_base64="RL87PW+tmgj4ziEiCM6uHhbanv4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBGEQkmaBttdwY3gpoJ9QJOWyXTSDp1MwsxELKW/4saFIm79EXf+jZO2gooeuHA4517uvSdIGJXKsj6MtfWNza3t3E5+d2//4NA8KrRlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkE0wuM79zR4SkMb9V04T4ERpxGlKMlJYGZuG6X4KeiqEXpf2Sx1OIBmbRKluWU6tXoSaOa7k1TVzXqVccaGsrQxGs0ByY794wxmlEuMIMSdmzrUT5MyQUxYzM814qSYLwBI1IT1OOIiL92eL2OTzTyhCGsdDFFVyo3ydmKJJyGgW6M0JqLH97mfiX10tVWPNnlCepIhwvF4Upg/rXLAg4pIJgxaaaICyovhXiMRIIKx1XXofw9Sn8n7QrZbtadm+qxUZ5FUcOnIBTcA5scAEa4Ao0QQtgcA8ewBN4NubGo/FivC5b14zVzDH4AePtE5Ank3U=</latexit>
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<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>
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<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>
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<latexit sha1_base64="8XKWNPokuglGgYVdWkPX2dTh9IY=">AAACAnicbVDLSgMxFM3UV62vqitxEyxCpTjMSEWXBTeCmwr2AZ1pyaS3bWgmMyQZoZTixl9x40IRt36FO//GtJ2FVg8EDufcy805QcyZ0o7zZWWWlldW17LruY3Nre2d/O5eXUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaATDq6nfuAepWCTu9CgGPyR9wXqMEm2kTv7gpl3ydOTFrF3CRWIohnYJ2qcnnXzBsZ0Z8F/ipqSAUlQ7+U+vG9EkBKEpJ0q1XCfW/phIzSiHSc5LFMSEDkkfWoYKEoLyx7MIE3xslC7uRdI8ofFM/bkxJqFSozAwkyHRA7XoTcX/vFaie5f+mIk40SDo/FAv4dgEnfaBu0wC1XxkCKGSmb9iOiCSUG1ay5kS3MXIf0n9zHbL9vltuVCx0zqy6BAdoSJy0QWqoGtURTVE0QN6Qi/o1Xq0nq03630+mrHSnX30C9bHN3DQlXk=</latexit>
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<latexit sha1_base64="0M+aht1N4YFO8HxBiX9A4Kzk23k=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgaegZs3kLeBG8RDQLZBl6Oj1Jk56F7h4ljPkULx4U8eqXePNv7CyCij4oeLxXRVU9L+ZMKoQ+jMzK6tr6RnYzt7W9s7tn5vebMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNz2d+65YKyaLwRk1i2gvwMGQ+I1hpyTXzl33kXsOuimA3Zn0EsWsWkIWqtuOUIbLKjlM5K2lyajtFVIK2heYogCXqrvneHUQkCWioCMdSdmwUq16KhWKE02mum0gaYzLGQ9rRNMQBlb10fvoUHmtlAP1I6AoVnKvfJ1IcSDkJPN0ZYDWSv72Z+JfXSZRf7aUsjBNFQ7JY5Ccc6kdnOcABE5QoPtEEE8H0rZCMsMBE6bRyOoSvT+H/pOlYdtEqXRULNWsZRxYcgiNwAmxQATVwAeqgAQi4Aw/gCTwb98aj8WK8LlozxnLmAPyA8fYJh5GS2A==</latexit>
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<latexit sha1_base64="RL87PW+tmgj4ziEiCM6uHhbanv4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBGEQkmaBttdwY3gpoJ9QJOWyXTSDp1MwsxELKW/4saFIm79EXf+jZO2gooeuHA4517uvSdIGJXKsj6MtfWNza3t3E5+d2//4NA8KrRlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkE0wuM79zR4SkMb9V04T4ERpxGlKMlJYGZuG6X4KeiqEXpf2Sx1OIBmbRKluWU6tXoSaOa7k1TVzXqVccaGsrQxGs0ByY794wxmlEuMIMSdmzrUT5MyQUxYzM814qSYLwBI1IT1OOIiL92eL2OTzTyhCGsdDFFVyo3ydmKJJyGgW6M0JqLH97mfiX10tVWPNnlCepIhwvF4Upg/rXLAg4pIJgxaaaICyovhXiMRIIKx1XXofw9Sn8n7QrZbtadm+qxUZ5FUcOnIBTcA5scAEa4Ao0QQtgcA8ewBN4NubGo/FivC5b14zVzDH4AePtE5Ank3U=</latexit>

K
+

! µ
+

⌫a

<latexit sha1_base64="RL87PW+tmgj4ziEiCM6uHhbanv4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBGEQkmaBttdwY3gpoJ9QJOWyXTSDp1MwsxELKW/4saFIm79EXf+jZO2gooeuHA4517uvSdIGJXKsj6MtfWNza3t3E5+d2//4NA8KrRlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkE0wuM79zR4SkMb9V04T4ERpxGlKMlJYGZuG6X4KeiqEXpf2Sx1OIBmbRKluWU6tXoSaOa7k1TVzXqVccaGsrQxGs0ByY794wxmlEuMIMSdmzrUT5MyQUxYzM814qSYLwBI1IT1OOIiL92eL2OTzTyhCGsdDFFVyo3ydmKJJyGgW6M0JqLH97mfiX10tVWPNnlCepIhwvF4Upg/rXLAg4pIJgxaaaICyovhXiMRIIKx1XXofw9Sn8n7QrZbtadm+qxUZ5FUcOnIBTcA5scAEa4Ao0QQtgcA8ewBN4NubGo/FivC5b14zVzDH4AePtE5Ank3U=</latexit>
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<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>
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<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>

sign[✓a⌘ud ] = �sign[✓a⌘s ]

<latexit sha1_base64="gAS5XsEtHpvYPou/okB5G2/oEIM=">AAACKnicfVBNS8NAFNz4bf2qevQSLIIXSyIVvQhVLx4VbCs0oWw2L+3iZhN2X8QS8nu8+Fe8eFDEqz/EbdqDVnFg2WFmHrtvglRwjY7zbs3Mzs0vLC4tV1ZW19Y3qptbbZ1kikGLJSJRtwHVILiEFnIUcJsqoHEgoBPcXYz8zj0ozRN5g8MU/Jj2JY84o2ikXvXMQ3jAXPO+LLoeDgBpL6deeWVhUfinB/8ktAn0qjWn7pSwfxN3Qmpkgqte9cULE5bFIJEJqnXXdVL0c6qQMwFFxcs0pJTd0T50DZU0Bu3n5aqFvWeU0I4SZY5Eu1S/T+Q01noYByYZUxzoaW8k/uV1M4xO/JzLNEOQbPxQlAkbE3vUmx1yBQzF0BDKFDd/tdmAKsrQtFsxJbjTK/8m7cO626gfXTdqzfNJHUtkh+ySfeKSY9Ikl+SKtAgjj+SZvJI368l6sd6tj3F0xprMbJMfsD6/ACGaqiU=</latexit>

sign[✓a⌘ud ] = �sign[✓a⌘s ]

<latexit sha1_base64="gAS5XsEtHpvYPou/okB5G2/oEIM=">AAACKnicfVBNS8NAFNz4bf2qevQSLIIXSyIVvQhVLx4VbCs0oWw2L+3iZhN2X8QS8nu8+Fe8eFDEqz/EbdqDVnFg2WFmHrtvglRwjY7zbs3Mzs0vLC4tV1ZW19Y3qptbbZ1kikGLJSJRtwHVILiEFnIUcJsqoHEgoBPcXYz8zj0ozRN5g8MU/Jj2JY84o2ikXvXMQ3jAXPO+LLoeDgBpL6deeWVhUfinB/8ktAn0qjWn7pSwfxN3Qmpkgqte9cULE5bFIJEJqnXXdVL0c6qQMwFFxcs0pJTd0T50DZU0Bu3n5aqFvWeU0I4SZY5Eu1S/T+Q01noYByYZUxzoaW8k/uV1M4xO/JzLNEOQbPxQlAkbE3vUmx1yBQzF0BDKFDd/tdmAKsrQtFsxJbjTK/8m7cO626gfXTdqzfNJHUtkh+ySfeKSY9Ikl+SKtAgjj+SZvJI368l6sd6tj3F0xprMbJMfsD6/ACGaqiU=</latexit>

sign[✓a⌘ud ] = sign[✓a⌘s ]

<latexit sha1_base64="ZRMulwHOK7Ltwjzud62NH4Cy7yk=">AAACKXicfVDLSgMxFM3UV62vqks3g0VwVWakohuh6MZlBfuAzlAy6W0bmskMyR2xDPM7bvwVNwqKuvVHTB8LbcUDIYdzziW5J4gF1+g4H1ZuaXlldS2/XtjY3NreKe7uNXSUKAZ1FolItQKqQXAJdeQooBUroGEgoBkMr8Z+8w6U5pG8xVEMfkj7kvc4o2ikTrHqIdxjqnlfZm0PB4C0k1JvciXdLPMv/glo43eKJafsTGAvEndGSmSGWqf44nUjloQgkQmqddt1YvRTqpAzAVnBSzTElA1pH9qGShqC9tPJppl9ZJSu3YuUORLtifpzIqWh1qMwMMmQ4kDPe2PxL6+dYO/cT7mMEwTJpg/1EmFjZI9rs7tcAUMxMoQyxc1fbTagijI05RZMCe78youkcVJ2K+XTm0qpejmrI08OyCE5Ji45I1VyTWqkThh5IE/klbxZj9az9W59TqM5azazT37B+voGpLSp7g==</latexit>

sign[✓a⌘ud ] = sign[✓a⌘s ]

<latexit sha1_base64="ZRMulwHOK7Ltwjzud62NH4Cy7yk=">AAACKXicfVDLSgMxFM3UV62vqks3g0VwVWakohuh6MZlBfuAzlAy6W0bmskMyR2xDPM7bvwVNwqKuvVHTB8LbcUDIYdzziW5J4gF1+g4H1ZuaXlldS2/XtjY3NreKe7uNXSUKAZ1FolItQKqQXAJdeQooBUroGEgoBkMr8Z+8w6U5pG8xVEMfkj7kvc4o2ikTrHqIdxjqnlfZm0PB4C0k1JvciXdLPMv/glo43eKJafsTGAvEndGSmSGWqf44nUjloQgkQmqddt1YvRTqpAzAVnBSzTElA1pH9qGShqC9tPJppl9ZJSu3YuUORLtifpzIqWh1qMwMMmQ4kDPe2PxL6+dYO/cT7mMEwTJpg/1EmFjZI9rs7tcAUMxMoQyxc1fbTagijI05RZMCe78youkcVJ2K+XTm0qpejmrI08OyCE5Ji45I1VyTWqkThh5IE/klbxZj9az9W59TqM5azazT37B+voGpLSp7g==</latexit>

Figure 5. (Disclaimer: not intended as a realistic experimental sensitivity projection.) The dashed
lines show the reach of various axionic Kaon decays modes in the parameter space of the axion
isoscalar couplings, assuming a common branching ratio sensitivity benchmark of 10�8 for all decay
channels. The upper (lower) plots assume that octet enhancement in �PT is realized through
operator O8 (O0

8) defined in 5.1a (5.1b). The left (right) plots assume opposite (same) relative
sign between ✓a⌘

ud
and ✓a⌘s

. The orange and yellow bands favored by the 8Be and 4He anomalies
are the same as in Fig. 1. The shaded gray regions are excluded by the conservative upper bound
Br(K+

! ⇡
+(a ! e

+
e
�)) . 10�5, and by the observed rate for K

0
L ! e

+
e
�, cf. 5.36.

5.1.2 Axio-hadronic K
+

decays

For axio-hadronic Kaon decays, we must first obtain the contributions from operators
(5.1a), (5.1b), and (5.2) to the amplitudes for K
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m
2
K

f⇡
� (g8 + 2g27)

m
2
⇡

f⇡
� (g8 + g27)

p
2
⌘ud

f⇡
, (5.12b)

A
�
K

+
! ⇡

+
⌘
⇤

s

�
=

p
2 g27

m
2
K

f⇡
�

p
2 (g8 + 2g27)

m
2
⇡

f⇡
+

p
2 (g8 + g27)

p
2
⌘s

f⇡
. (5.12c)

The axionic decay K
+

! ⇡
+
a is then induced by these amplitudes via axion-meson
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g8 ! 0

<latexit sha1_base64="BifqgYJWBxBZhg6UuVnWQlwPpSc=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgapiRil0W3LisYB/QDiWTZtrQTGZM7gil9CfcuFDErb/jzr8xbWehrQcCh3PuJfecMJXCoOd9O4WNza3tneJuaW//4PCofHzSMkmmGW+yRCa6E1LDpVC8iQIl76Sa0ziUvB2Ob+d++4lrIxL1gJOUBzEdKhEJRtFKnWG/1sOEeP1yxXO9Bcg68XNSgRyNfvmrN0hYFnOFTFJjur6XYjClGgWTfFbqZYanlI3pkHctVTTmJpgu7p2RC6sMSJRo+xSShfp7Y0pjYyZxaCdjiiOz6s3F/7xuhlEtmAqVZsgVW34UZZLYiPPwZCA0ZygnllCmhb2VsBHVlKGtqGRL8Fcjr5PWletX3ev7aqXu5nUU4QzO4RJ8uIE63EEDmsBAwjO8wpvz6Lw4787HcrTg5Dun8AfO5w8XP49L</latexit>

g
0
8 ! 0

<latexit sha1_base64="S/UUii/jugkmUe0qY2eahnL/vOk=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyGRij0WvHisYD+giWGznbRLdzdhdyPU0l/ixYMiXv0p3vw3btsctPXBwOO9GWbmxRmjSnvet1Xa2Nza3invVvb2Dw6r9tFxR6W5JNAmKUtlL8YKGBXQ1lQz6GUSMI8ZdOPxzdzvPoJUNBX3epJByPFQ0IQSrI0U2dVh1HgIMkk5BDp1vMiuea63gLNO/ILUUIFWZH8Fg5TkHIQmDCvV971Mh1MsNSUMZpUgV5BhMsZD6BsqMAcVTheHz5xzowycJJWmhHYW6u+JKeZKTXhsOjnWI7XqzcX/vH6uk0Y4pSLLNQiyXJTkzDEvzlNwBlQC0WxiCCaSmlsdMsISE22yqpgQ/NWX10nn0vXr7tVdvdZ0izjK6BSdoQvko2vURLeohdqIoBw9o1f0Zj1ZL9a79bFsLVnFzAn6A+vzB/1dkpk=</latexit>

g
0
8 ! 0

<latexit sha1_base64="S/UUii/jugkmUe0qY2eahnL/vOk=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyGRij0WvHisYD+giWGznbRLdzdhdyPU0l/ixYMiXv0p3vw3btsctPXBwOO9GWbmxRmjSnvet1Xa2Nza3invVvb2Dw6r9tFxR6W5JNAmKUtlL8YKGBXQ1lQz6GUSMI8ZdOPxzdzvPoJUNBX3epJByPFQ0IQSrI0U2dVh1HgIMkk5BDp1vMiuea63gLNO/ILUUIFWZH8Fg5TkHIQmDCvV971Mh1MsNSUMZpUgV5BhMsZD6BsqMAcVTheHz5xzowycJJWmhHYW6u+JKeZKTXhsOjnWI7XqzcX/vH6uk0Y4pSLLNQiyXJTkzDEvzlNwBlQC0WxiCCaSmlsdMsISE22yqpgQ/NWX10nn0vXr7tVdvdZ0izjK6BSdoQvko2vURLeohdqIoBw9o1f0Zj1ZL9a79bFsLVnFzAn6A+vzB/1dkpk=</latexit>

g8 ! 0

<latexit sha1_base64="BifqgYJWBxBZhg6UuVnWQlwPpSc=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgapiRil0W3LisYB/QDiWTZtrQTGZM7gil9CfcuFDErb/jzr8xbWehrQcCh3PuJfecMJXCoOd9O4WNza3tneJuaW//4PCofHzSMkmmGW+yRCa6E1LDpVC8iQIl76Sa0ziUvB2Ob+d++4lrIxL1gJOUBzEdKhEJRtFKnWG/1sOEeP1yxXO9Bcg68XNSgRyNfvmrN0hYFnOFTFJjur6XYjClGgWTfFbqZYanlI3pkHctVTTmJpgu7p2RC6sMSJRo+xSShfp7Y0pjYyZxaCdjiiOz6s3F/7xuhlEtmAqVZsgVW34UZZLYiPPwZCA0ZygnllCmhb2VsBHVlKGtqGRL8Fcjr5PWletX3ev7aqXu5nUU4QzO4RJ8uIE63EEDmsBAwjO8wpvz6Lw4787HcrTg5Dun8AfO5w8XP49L</latexit>

K
+

! ⇡
+(a ! e

+
e
�)

<latexit sha1_base64="8XKWNPokuglGgYVdWkPX2dTh9IY=">AAACAnicbVDLSgMxFM3UV62vqitxEyxCpTjMSEWXBTeCmwr2AZ1pyaS3bWgmMyQZoZTixl9x40IRt36FO//GtJ2FVg8EDufcy805QcyZ0o7zZWWWlldW17LruY3Nre2d/O5eXUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaATDq6nfuAepWCTu9CgGPyR9wXqMEm2kTv7gpl3ydOTFrF3CRWIohnYJ2qcnnXzBsZ0Z8F/ipqSAUlQ7+U+vG9EkBKEpJ0q1XCfW/phIzSiHSc5LFMSEDkkfWoYKEoLyx7MIE3xslC7uRdI8ofFM/bkxJqFSozAwkyHRA7XoTcX/vFaie5f+mIk40SDo/FAv4dgEnfaBu0wC1XxkCKGSmb9iOiCSUG1ay5kS3MXIf0n9zHbL9vltuVCx0zqy6BAdoSJy0QWqoGtURTVE0QN6Qi/o1Xq0nq03630+mrHSnX30C9bHN3DQlXk=</latexit>

K
0 L

!
e
+
e

�

<latexit sha1_base64="w/p3n5A9R7Lok7VH/sfFbMmG2uY=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEEMSRS0WXBjaCLCvYBbRom05t26OTBzEQpsZ/ixoUibv0Sd/6N0zYLbT1w4XDOvdx7j59wJpVtfxtLyyura+uFjeLm1vbOrlnaa8g4FRTqNOaxaPlEAmcR1BVTHFqJABL6HJr+8GriNx9ASBZH92qUgBuSfsQCRonSkmeWbrq2d4s7KsbQPdF16pll27KnwIvEyUkZ5ah55lenF9M0hEhRTqRsO3ai3IwIxSiHcbGTSkgIHZI+tDWNSAjSzaanj/GRVno4iIWuSOGp+nsiI6GUo9DXnSFRAznvTcT/vHaqgks3Y1GSKojobFGQcqwfneSAe0wAVXykCaGC6VsxHRBBqNJpFXUIzvzLi6RxZjkV6/yuUq5aeRwFdIAO0TFy0AWqomtUQ3VE0SN6Rq/ozXgyXox342PWumTkM/voD4zPH7Mrkko=</latexit>

K
+

! ⇡
+
a

<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>

K
0
S ! ⇡

0
a

<latexit sha1_base64="0M+aht1N4YFO8HxBiX9A4Kzk23k=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgaegZs3kLeBG8RDQLZBl6Oj1Jk56F7h4ljPkULx4U8eqXePNv7CyCij4oeLxXRVU9L+ZMKoQ+jMzK6tr6RnYzt7W9s7tn5vebMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNz2d+65YKyaLwRk1i2gvwMGQ+I1hpyTXzl33kXsOuimA3Zn0EsWsWkIWqtuOUIbLKjlM5K2lyajtFVIK2heYogCXqrvneHUQkCWioCMdSdmwUq16KhWKE02mum0gaYzLGQ9rRNMQBlb10fvoUHmtlAP1I6AoVnKvfJ1IcSDkJPN0ZYDWSv72Z+JfXSZRf7aUsjBNFQ7JY5Ccc6kdnOcABE5QoPtEEE8H0rZCMsMBE6bRyOoSvT+H/pOlYdtEqXRULNWsZRxYcgiNwAmxQATVwAeqgAQi4Aw/gCTwb98aj8WK8LlozxnLmAPyA8fYJh5GS2A==</latexit>

K
+

!
µ
+

⌫
a

<latexit sha1_base64="RL87PW+tmgj4ziEiCM6uHhbanv4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBGEQkmaBttdwY3gpoJ9QJOWyXTSDp1MwsxELKW/4saFIm79EXf+jZO2gooeuHA4517uvSdIGJXKsj6MtfWNza3t3E5+d2//4NA8KrRlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkE0wuM79zR4SkMb9V04T4ERpxGlKMlJYGZuG6X4KeiqEXpf2Sx1OIBmbRKluWU6tXoSaOa7k1TVzXqVccaGsrQxGs0ByY794wxmlEuMIMSdmzrUT5MyQUxYzM814qSYLwBI1IT1OOIiL92eL2OTzTyhCGsdDFFVyo3ydmKJJyGgW6M0JqLH97mfiX10tVWPNnlCepIhwvF4Upg/rXLAg4pIJgxaaaICyovhXiMRIIKx1XXofw9Sn8n7QrZbtadm+qxUZ5FUcOnIBTcA5scAEa4Ao0QQtgcA8ewBN4NubGo/FivC5b14zVzDH4AePtE5Ank3U=</latexit>

K 0
L ! ⇡+

⇡�
a

<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>

K
+ ! ⇡

+(a ! e
+

e
�)

<latexit sha1_base64="8XKWNPokuglGgYVdWkPX2dTh9IY=">AAACAnicbVDLSgMxFM3UV62vqitxEyxCpTjMSEWXBTeCmwr2AZ1pyaS3bWgmMyQZoZTixl9x40IRt36FO//GtJ2FVg8EDufcy805QcyZ0o7zZWWWlldW17LruY3Nre2d/O5eXUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaATDq6nfuAepWCTu9CgGPyR9wXqMEm2kTv7gpl3ydOTFrF3CRWIohnYJ2qcnnXzBsZ0Z8F/ipqSAUlQ7+U+vG9EkBKEpJ0q1XCfW/phIzSiHSc5LFMSEDkkfWoYKEoLyx7MIE3xslC7uRdI8ofFM/bkxJqFSozAwkyHRA7XoTcX/vFaie5f+mIk40SDo/FAv4dgEnfaBu0wC1XxkCKGSmb9iOiCSUG1ay5kS3MXIf0n9zHbL9vltuVCx0zqy6BAdoSJy0QWqoGtURTVE0QN6Qi/o1Xq0nq03630+mrHSnX30C9bHN3DQlXk=</latexit>

K
+

!
⇡

+
(a

!
e
+
e

�
)

<latexit sha1_base64="8XKWNPokuglGgYVdWkPX2dTh9IY=">AAACAnicbVDLSgMxFM3UV62vqitxEyxCpTjMSEWXBTeCmwr2AZ1pyaS3bWgmMyQZoZTixl9x40IRt36FO//GtJ2FVg8EDufcy805QcyZ0o7zZWWWlldW17LruY3Nre2d/O5eXUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaATDq6nfuAepWCTu9CgGPyR9wXqMEm2kTv7gpl3ydOTFrF3CRWIohnYJ2qcnnXzBsZ0Z8F/ipqSAUlQ7+U+vG9EkBKEpJ0q1XCfW/phIzSiHSc5LFMSEDkkfWoYKEoLyx7MIE3xslC7uRdI8ofFM/bkxJqFSozAwkyHRA7XoTcX/vFaie5f+mIk40SDo/FAv4dgEnfaBu0wC1XxkCKGSmb9iOiCSUG1ay5kS3MXIf0n9zHbL9vltuVCx0zqy6BAdoSJy0QWqoGtURTVE0QN6Qi/o1Xq0nq03630+mrHSnX30C9bHN3DQlXk=</latexit>

K
+

! µ
+
⌫a

<latexit sha1_base64="RL87PW+tmgj4ziEiCM6uHhbanv4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBGEQkmaBttdwY3gpoJ9QJOWyXTSDp1MwsxELKW/4saFIm79EXf+jZO2gooeuHA4517uvSdIGJXKsj6MtfWNza3t3E5+d2//4NA8KrRlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkE0wuM79zR4SkMb9V04T4ERpxGlKMlJYGZuG6X4KeiqEXpf2Sx1OIBmbRKluWU6tXoSaOa7k1TVzXqVccaGsrQxGs0ByY794wxmlEuMIMSdmzrUT5MyQUxYzM814qSYLwBI1IT1OOIiL92eL2OTzTyhCGsdDFFVyo3ydmKJJyGgW6M0JqLH97mfiX10tVWPNnlCepIhwvF4Upg/rXLAg4pIJgxaaaICyovhXiMRIIKx1XXofw9Sn8n7QrZbtadm+qxUZ5FUcOnIBTcA5scAEa4Ao0QQtgcA8ewBN4NubGo/FivC5b14zVzDH4AePtE5Ank3U=</latexit>

K
0 S

!
⇡

0
a

<latexit sha1_base64="0M+aht1N4YFO8HxBiX9A4Kzk23k=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgaegZs3kLeBG8RDQLZBl6Oj1Jk56F7h4ljPkULx4U8eqXePNv7CyCij4oeLxXRVU9L+ZMKoQ+jMzK6tr6RnYzt7W9s7tn5vebMkoEoQ0S8Ui0PSwpZyFtKKY4bceC4sDjtOWNz2d+65YKyaLwRk1i2gvwMGQ+I1hpyTXzl33kXsOuimA3Zn0EsWsWkIWqtuOUIbLKjlM5K2lyajtFVIK2heYogCXqrvneHUQkCWioCMdSdmwUq16KhWKE02mum0gaYzLGQ9rRNMQBlb10fvoUHmtlAP1I6AoVnKvfJ1IcSDkJPN0ZYDWSv72Z+JfXSZRf7aUsjBNFQ7JY5Ccc6kdnOcABE5QoPtEEE8H0rZCMsMBE6bRyOoSvT+H/pOlYdtEqXRULNWsZRxYcgiNwAmxQATVwAeqgAQi4Aw/gCTwb98aj8WK8LlozxnLmAPyA8fYJh5GS2A==</latexit>

K
+ !

⇡
+ a

<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>

K
+ !

⇡
+ a

<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>

K
0
L

!
⇡
+ ⇡

� a

<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>

K

0
L
!

⇡
+ ⇡

� a

<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>

K
0 L

!
e
+

e
�
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<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>
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<latexit sha1_base64="RL87PW+tmgj4ziEiCM6uHhbanv4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBGEQkmaBttdwY3gpoJ9QJOWyXTSDp1MwsxELKW/4saFIm79EXf+jZO2gooeuHA4517uvSdIGJXKsj6MtfWNza3t3E5+d2//4NA8KrRlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkE0wuM79zR4SkMb9V04T4ERpxGlKMlJYGZuG6X4KeiqEXpf2Sx1OIBmbRKluWU6tXoSaOa7k1TVzXqVccaGsrQxGs0ByY794wxmlEuMIMSdmzrUT5MyQUxYzM814qSYLwBI1IT1OOIiL92eL2OTzTyhCGsdDFFVyo3ydmKJJyGgW6M0JqLH97mfiX10tVWPNnlCepIhwvF4Upg/rXLAg4pIJgxaaaICyovhXiMRIIKx1XXofw9Sn8n7QrZbtadm+qxUZ5FUcOnIBTcA5scAEa4Ao0QQtgcA8ewBN4NubGo/FivC5b14zVzDH4AePtE5Ank3U=</latexit>
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<latexit sha1_base64="LMuaQka+vAoO3+zXl4O4YYq8NLU=">AAAB9XicdZDLSsNAFIZPvNZ6q7p0M1gEoRASadFlwY3gpoK9QJOWyXTSDp1MwsxEKaXv4caFIm59F3e+jZM2BRX9YeDnO+cw5/xBwpnSjvNprayurW9sFraK2zu7e/ulg8OWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPxVVZv31OpWCzu9CShfoSHgoWMYG1Q76ZXQZ6OkZewXgX3S2XHrjmZkGM7S5MTNydlyNXolz68QUzSiApNOFaq6zqJ9qdYakY4nRW9VNEEkzEe0q6xAkdU+dP51jN0asgAhbE0T2g0p98npjhSahIFpjPCeqR+1zL4V62b6vDSnzKRpJoKsvgoTDkyd2YRoAGTlGg+MQYTycyuiIywxESboIomhOWl6H/TOrfdql27rZbrdh5HAY7hBM7AhQuowzU0oAkEJDzCM7xYD9aT9Wq9LVpXrHzmCH7Iev8C9JKRdg==</latexit>
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<latexit sha1_base64="HRv1y+D7prdhh1A/uTGxXyh9fIc=">AAACAHicdVBLSwMxGMzWV62vVQ8evASLIIhLdl3beit4EfRQwT6gL7Jp2oZmHyRZoSy9+Fe8eFDEqz/Dm//GbFtBRQcShpnvI5nxIs6kQujDyCwsLi2vZFdza+sbm1vm9k5NhrEgtEpCHoqGhyXlLKBVxRSnjUhQ7Huc1r3RRerX76iQLAxu1TiibR8PAtZnBCstdc29qw7qXsOWCmErYp3j6X0CcdfMI+u8VHDcAkQWQkXbsVPiFN1TF9paSZEHc1S65nurF5LYp4EiHEvZtFGk2gkWihFOJ7lWLGmEyQgPaFPTAPtUtpNpgAk81EoP9kOhT6DgVP2+kWBfyrHv6Ukfq6H87aXiX14zVv1SO2FBFCsakNlD/ZhDHTdtA/aYoETxsSaYCKb/CskQC0yU7iynS/hKCv8nNceyXevsxs2XrXkdWbAPDsARsEERlMElqIAqIGACHsATeDbujUfjxXidjWaM+c4u+AHj7RNSc5Tp</latexit>

sign[✓a⌘ud ] = �sign[✓a⌘s ]

<latexit sha1_base64="gAS5XsEtHpvYPou/okB5G2/oEIM=">AAACKnicfVBNS8NAFNz4bf2qevQSLIIXSyIVvQhVLx4VbCs0oWw2L+3iZhN2X8QS8nu8+Fe8eFDEqz/EbdqDVnFg2WFmHrtvglRwjY7zbs3Mzs0vLC4tV1ZW19Y3qptbbZ1kikGLJSJRtwHVILiEFnIUcJsqoHEgoBPcXYz8zj0ozRN5g8MU/Jj2JY84o2ikXvXMQ3jAXPO+LLoeDgBpL6deeWVhUfinB/8ktAn0qjWn7pSwfxN3Qmpkgqte9cULE5bFIJEJqnXXdVL0c6qQMwFFxcs0pJTd0T50DZU0Bu3n5aqFvWeU0I4SZY5Eu1S/T+Q01noYByYZUxzoaW8k/uV1M4xO/JzLNEOQbPxQlAkbE3vUmx1yBQzF0BDKFDd/tdmAKsrQtFsxJbjTK/8m7cO626gfXTdqzfNJHUtkh+ySfeKSY9Ikl+SKtAgjj+SZvJI368l6sd6tj3F0xprMbJMfsD6/ACGaqiU=</latexit>

sign[✓a⌘ud ] = �sign[✓a⌘s ]

<latexit sha1_base64="gAS5XsEtHpvYPou/okB5G2/oEIM=">AAACKnicfVBNS8NAFNz4bf2qevQSLIIXSyIVvQhVLx4VbCs0oWw2L+3iZhN2X8QS8nu8+Fe8eFDEqz/EbdqDVnFg2WFmHrtvglRwjY7zbs3Mzs0vLC4tV1ZW19Y3qptbbZ1kikGLJSJRtwHVILiEFnIUcJsqoHEgoBPcXYz8zj0ozRN5g8MU/Jj2JY84o2ikXvXMQ3jAXPO+LLoeDgBpL6deeWVhUfinB/8ktAn0qjWn7pSwfxN3Qmpkgqte9cULE5bFIJEJqnXXdVL0c6qQMwFFxcs0pJTd0T50DZU0Bu3n5aqFvWeU0I4SZY5Eu1S/T+Q01noYByYZUxzoaW8k/uV1M4xO/JzLNEOQbPxQlAkbE3vUmx1yBQzF0BDKFDd/tdmAKsrQtFsxJbjTK/8m7cO626gfXTdqzfNJHUtkh+ySfeKSY9Ikl+SKtAgjj+SZvJI368l6sd6tj3F0xprMbJMfsD6/ACGaqiU=</latexit>

sign[✓a⌘ud ] = sign[✓a⌘s ]

<latexit sha1_base64="ZRMulwHOK7Ltwjzud62NH4Cy7yk=">AAACKXicfVDLSgMxFM3UV62vqks3g0VwVWakohuh6MZlBfuAzlAy6W0bmskMyR2xDPM7bvwVNwqKuvVHTB8LbcUDIYdzziW5J4gF1+g4H1ZuaXlldS2/XtjY3NreKe7uNXSUKAZ1FolItQKqQXAJdeQooBUroGEgoBkMr8Z+8w6U5pG8xVEMfkj7kvc4o2ikTrHqIdxjqnlfZm0PB4C0k1JvciXdLPMv/glo43eKJafsTGAvEndGSmSGWqf44nUjloQgkQmqddt1YvRTqpAzAVnBSzTElA1pH9qGShqC9tPJppl9ZJSu3YuUORLtifpzIqWh1qMwMMmQ4kDPe2PxL6+dYO/cT7mMEwTJpg/1EmFjZI9rs7tcAUMxMoQyxc1fbTagijI05RZMCe78youkcVJ2K+XTm0qpejmrI08OyCE5Ji45I1VyTWqkThh5IE/klbxZj9az9W59TqM5azazT37B+voGpLSp7g==</latexit>

sign[✓a⌘ud ] = sign[✓a⌘s ]

<latexit sha1_base64="ZRMulwHOK7Ltwjzud62NH4Cy7yk=">AAACKXicfVDLSgMxFM3UV62vqks3g0VwVWakohuh6MZlBfuAzlAy6W0bmskMyR2xDPM7bvwVNwqKuvVHTB8LbcUDIYdzziW5J4gF1+g4H1ZuaXlldS2/XtjY3NreKe7uNXSUKAZ1FolItQKqQXAJdeQooBUroGEgoBkMr8Z+8w6U5pG8xVEMfkj7kvc4o2ikTrHqIdxjqnlfZm0PB4C0k1JvciXdLPMv/glo43eKJafsTGAvEndGSmSGWqf44nUjloQgkQmqddt1YvRTqpAzAVnBSzTElA1pH9qGShqC9tPJppl9ZJSu3YuUORLtifpzIqWh1qMwMMmQ4kDPe2PxL6+dYO/cT7mMEwTJpg/1EmFjZI9rs7tcAUMxMoQyxc1fbTagijI05RZMCe78youkcVJ2K+XTm0qpejmrI08OyCE5Ji45I1VyTWqkThh5IE/klbxZj9az9W59TqM5azazT37B+voGpLSp7g==</latexit>

Figure 5. (Disclaimer: not intended as a realistic experimental sensitivity projection.) The dashed
lines show the reach of various axionic Kaon decays modes in the parameter space of the axion
isoscalar couplings, assuming a common branching ratio sensitivity benchmark of 10�8 for all decay
channels. The upper (lower) plots assume that octet enhancement in �PT is realized through
operator O8 (O0

8) defined in 5.1a (5.1b). The left (right) plots assume opposite (same) relative
sign between ✓a⌘

ud
and ✓a⌘s

. The orange and yellow bands favored by the 8Be and 4He anomalies
are the same as in Fig. 1. The shaded gray regions are excluded by the conservative upper bound
Br(K+

! ⇡
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+
e
�)) . 10�5, and by the observed rate for K

0
L ! e

+
e
�, cf. 5.36.

5.1.2 Axio-hadronic K
+

decays

For axio-hadronic Kaon decays, we must first obtain the contributions from operators
(5.1a), (5.1b), and (5.2) to the amplitudes for K
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The axionic decay K
+

! ⇡
+
a is then induced by these amplitudes via axion-meson
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Axionic Kaon decay predictions via enhancement of       (alternative implementation)g08

<latexit sha1_base64="kRP3xYx3Vsokl6UJBKel0kzUJgU=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQhJjW3dFNy4r2Ae2sUymk3bozCTMTIQS+hduXCji1r9x5984aSuo6IELh3Pu5d57woRRpR3nw1paXlldWy9sFDe3tnd2S3v7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD8WXut++JVDQWN3qSkICjoaARxUgb6XbYr931Ekk56ZfKjn1eq3h+BTq241Rdz82JV/VPfegaJUcZLNDol957gxinnAiNGVKq6zqJDjIkNcWMTIu9VJEE4TEakq6hAnGigmx28RQeG2UAo1iaEhrO1O8TGeJKTXhoOjnSI/Xby8W/vG6qo1qQUZGkmgg8XxSlDOoY5u/DAZUEazYxBGFJza0Qj5BEWJuQiiaEr0/h/6Tl2a5vn1375frFIo4COARH4AS4oArq4Ao0QBNgIMADeALPlrIerRfrdd66ZC1mDsAPWG+fvv2Q/Q==</latexit>

Dashed lines show the branching ratio benchmark of   for all decay channels10�8

<latexit sha1_base64="FhtoraXXOURooW75ux8CSEPf/Nk=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgxbArEXMMevEYwTwgiWF20psMmZ1dZmaFsOQjvHhQxKvf482/cZLsQRMLGoqqbrq7/FhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGptk81Ci6xYbgR2I4V0tAX2PLHtzO/9YRK80g+mEmMvZAOJQ84o8ZKLc99TC+q036x5JbdOcgq8TJSggz1fvGrO4hYEqI0TFCtO54bm15KleFM4LTQTTTGlI3pEDuWShqi7qXzc6fkzCoDEkTKljRkrv6eSGmo9ST0bWdIzUgvezPxP6+TmKDaS7mME4OSLRYFiSAmIrPfyYArZEZMLKFMcXsrYSOqKDM2oYINwVt+eZU0L8tepXx1XynVbrI48nACp3AOHlxDDe6gDg1gMIZneIU3J3ZenHfnY9Gac7KZY/gD5/MHSKSO5A==</latexit>
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New hadronic states at the GeV scale

Since PQ symmetry is broken at the GeV scale, new states are needed:

PQ charges and PQ breaking are enforced via potential:

yu �u uu
c + yd �d dd

c + ye �e ee
c + V (�u ,�d ,�e)

<latexit sha1_base64="3fOkezHrG3UK/wDVu47EYmcg2VM="></latexit>

�u =

✓
fup
2
+

'up
2

◆
Exp i

✓
q�u
PQ

a

fa
+

q�d
PQ

tan�PQ

⌘PQ

fa

◆

<latexit sha1_base64="IP/XRs3xY/vUHFJD4PBxlSsJNtM="></latexit>

�d =

✓
fdp
2
+

'dp
2

◆
Exp i

✓
q�d
PQ

a

fa
� q�u

PQ tan�PQ

⌘PQ

fa

◆

<latexit sha1_base64="GPSj18L8pdY8D8E7omPbmUfZXxU="></latexit>

q�u
PQ = 2

<latexit sha1_base64="HX6d+DubPiotBKS1b1zEBurX0W4=">AAACFHicbVDLSgMxFM34rPVVdekmWARBKDOi6EYQ3bhswT6gU4dMemuDmcyY3BHLMB/hxl9x40IRty7c+Temj4WvAwmHc+4jOWEihUHX/XSmpmdm5+YLC8XFpeWV1dLaesPEqeZQ57GMdStkBqRQUEeBElqJBhaFEprh9dnQb96CNiJWFzhIoBOxKyV6gjO0UlDavQkyH+EO7S3UgFZreX6ZZf5ocqahm/vVvgjSPD/eC0plt+KOQP8Sb0LKZIJqUPrwuzFPI1DIJTOm7bkJdjKmUXAJedFPDSSMX7MraFuqWASmk41W53TbKl3ai7U9CulI/d6RsciYQRTayohh3/z2huJ/XjvF3lEnEypJERQfL+qlkmJMhwnRrtDAUQ4sYVwL+1bK+0wzjjbHog3B+/3lv6SxV/H2Kwe1/fLJ6SSOAtkkW2SHeOSQnJBzUiV1wsk9eSTP5MV5cJ6cV+dtXDrlTHo2yA8471+81p/f</latexit>

q�d
PQ = 1

<latexit sha1_base64="hRX/poE/AZR93tg1hrPBq0r549A=">AAACFHicbVDLSgMxFM34tr6qLt0EiyAIZUYquhGKblxWsCp06pDJ3LahmcyY3BHLMB/hxl9x40IRty7c+TemtQtfBxIO59xHcsJUCoOu++FMTE5Nz8zOzZcWFpeWV8qra+cmyTSHJk9koi9DZkAKBU0UKOEy1cDiUMJF2D8e+hc3oI1I1BkOUmjHrKtER3CGVgrKO9dB7iPcor2FGtDGaVFc5bk/mpxriAq/0RNBVBSHXlCuuFV3BPqXeGNSIWM0gvK7HyU8i0Ehl8yYluem2M6ZRsElFCU/M5Ay3mddaFmqWAymnY9WF3TLKhHtJNoehXSkfu/IWWzMIA5tZcywZ357Q/E/r5Vh56CdC5VmCIp/LepkkmJChwnRSGjgKAeWMK6FfSvlPaYZR5tjyYbg/f7yX3K+W/Vq1b3TWqV+NI5jjmyQTbJNPLJP6uSENEiTcHJHHsgTeXbunUfnxXn9Kp1wxj3r5Aect0+hSp/N</latexit>

f2
a ⌘ (q�u

PQ )
2 f2

u + (q�d
PQ)

2 f2
d

<latexit sha1_base64="IXzdq25xnMPpxMAOwPKhjkUZPXY="></latexit>

tan�PQ ⌘ fu/fd

<latexit sha1_base64="9AivGH8zkoXo/CfrX4eI/2TaFgc=">AAACGXicbVBNS8NAEN34bf2qevSyWARPNZGKHkUvHitYW2hK2GwnurjZxN2JWEL8GV78K148KOJRT/4btx8HbX0w8Hhvhpl5YSqFQdf9dqamZ2bn5hcWS0vLK6tr5fWNS5NkmkODJzLRrZAZkEJBAwVKaKUaWBxKaIY3p32/eQfaiERdYC+FTsyulIgEZ2iloOz6CPeYI1OFHwKyIB8KPgrVo/Xzonjw4TYTdw9RkO1FQTcoV9yqOwCdJN6IVMgI9aD86XcTnsWgkEtmTNtzU+zkTKPgEoqSnxlIGb9hV9C2VLEYTCcffFbQHat0aZRoWwrpQP09kbPYmF4c2s6Y4bUZ9/rif147w+iokwuVZgiKDxdFmaSY0H5MtCs0cJQ9SxjXwt5K+TXTjKMNs2RD8MZfniSX+1WvVj04r1WOT0ZxLJAtsk12iUcOyTE5I3XSIJw8kmfySt6cJ+fFeXc+hq1Tzmhmk/yB8/UDOtaiTA==</latexit>
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New hadronic states at the GeV scale

'u ,'d

<latexit sha1_base64="7VhM9B1u12Og8X7SPzSqAfe6Yvg=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0VwUUqiFV0W3bisYB/QhDCZTNuhk0mYmRRKyIe48VfcuFDEjQvBv3GaZqFtD1w4nHPv3LnHjxmVyrJ+jNLa+sbmVnm7srO7t39gHh51ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuP72Z+d0KEpBF/VNOYuCEacjqgGCkteeZlmjr5K6kgQeZMkIhH1EuyzKnVVlpBlnlm1apbOeAysQtSBQVanvnlBBFOQsIVZkjKvm3Fyk2RUBQzklWcRJIY4TEakr6mHIVEumm+O4NnWgngIBK6uIK5+nciRaGU09DXnSFSI7nozcRVXj9Rgxs3pTxOFOF4vmiQMKgiOEsKBlQQrNhUE4QF1X+FeIQEwkrnWdEh2IsnL5PORd1u1K8eGtXmbRFHGZyAU3AObHANmuAetEAbYPAEXsAbeDeejVfjw/ict5aMYuYY/IPx/QtXaKQE</latexit>

couple hadronically and could in principle have not been 
identified if lying in the mass range of ~ 500 MeV − 2 GeV 

could hide in 1300 − 1500 MeV mass range  

backgrounds from 𝜂(1295) / 𝜂(1405) / 𝜂(1475)  

more dramatically, it could be identified with  
𝜂(1295) / 𝜂(1405) / 𝜂(1475) if broad enough  

⌘PQ

<latexit sha1_base64="tEDCZa1OeHRYOhGsCPUJTk7ESN8=">AAACDnicbVDLTgIxFO3gC/GFunTTSEhckRmD0SXRjUtI5JEwhHTKBRo6nUl7x0gmfIEbf8WNC41x69qdf2N5LBQ8SZuTc+69vT1BLIVB1/12MmvrG5tb2e3czu7e/kH+8KhhokRzqPNIRroVMANSKKijQAmtWAMLAwnNYHQz9Zv3oI2I1B2OY+iEbKBEX3CGVurmi2nqz6akGnoTH5B1Ux/hAe0t1JhWaxOLbr7gltwZ6CrxFqRAFqh2819+L+JJCAq5ZMa0PTfGTso0Ci5hkvMTAzHjIzaAtqWKhWA66WyRCS1apUf7kbZHIZ2pvztSFhozDgNbGTIcmmVvKv7ntRPsX3VSoeIEQfH5Q/1EUozoNBvaExo4yrEljGthd6V8yDTjaBPM2RC85S+vksZ5ySuXLmrlQuV6EUeWnJBTckY8ckkq5JZUSZ1w8kieySt5c56cF+fd+ZiXZpxFzzH5A+fzB4N8nao=</latexit>

scalars pseudoscalars

'u ,'d

<latexit sha1_base64="7VhM9B1u12Og8X7SPzSqAfe6Yvg=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0VwUUqiFV0W3bisYB/QhDCZTNuhk0mYmRRKyIe48VfcuFDEjQvBv3GaZqFtD1w4nHPv3LnHjxmVyrJ+jNLa+sbmVnm7srO7t39gHh51ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuP72Z+d0KEpBF/VNOYuCEacjqgGCkteeZlmjr5K6kgQeZMkIhH1EuyzKnVVlpBlnlm1apbOeAysQtSBQVanvnlBBFOQsIVZkjKvm3Fyk2RUBQzklWcRJIY4TEakr6mHIVEumm+O4NnWgngIBK6uIK5+nciRaGU09DXnSFSI7nozcRVXj9Rgxs3pTxOFOF4vmiQMKgiOEsKBlQQrNhUE4QF1X+FeIQEwkrnWdEh2IsnL5PORd1u1K8eGtXmbRFHGZyAU3AObHANmuAetEAbYPAEXsAbeDeejVfjw/ict5aMYuYY/IPx/QtXaKQE</latexit>

a , ⌘PQ

<latexit sha1_base64="rGUsMMx6RGeoS9GDcZ8MtJOsCRU=">AAACIXicbVBNSwMxEM36WetX1aOXYBE8SNmVih5FLx5bsCp0S8mm0zY0m12SWXFZ9q948a948aBIb+KfMW33YNUHCY/3ZiaTF8RSGHTdT2dhcWl5ZbW0Vl7f2Nzaruzs3poo0RxaPJKRvg+YASkUtFCghPtYAwsDCXfB6Gri3z2ANiJSN5jG0AnZQIm+4Ayt1K2cZ5k/nZJp6OUsz/3j4znJB2TdzEd4RHsLldJGM7foVqpuzZ2C/iVeQaqkQKNbGfu9iCchKOSSGdP23Bg7GdMouIS87CcGYsZHbABtSxULwXSy6SI5PbRKj/YjbY9COlV/dmQsNCYNA1sZMhya395E/M9rJ9g/72RCxQmC4rOH+omkGNFJXLQnNHCUqSWMa2F3pXzINONoQy3bELzfX/5Lbk9qXr122qxXLy6LOEpknxyQI+KRM3JBrkmDtAgnT+SFvJF359l5dT6c8ax0wSl69sgcnK9vXFqmGw==</latexit>

4 new d.o.f. at GeV scale

(must be EW singlets, and therefore couple to fermions via higher dimensional operators)  
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Completion at the weak scale

is a higher dimensional operator

Can be generated by introducing:

• Heavy scalar doublets: • Heavy vectorlike fermions:

Completion at the weak scale

is a higher dimensional operatoryf �f ff
c

Can be generated by introducing:

Heavy scalar doublets Heavy vectorlike fermionsor

Hf
F cF

f c fL

hHSMi�f

X

X

f c fL

hHSMi�f

X

Several interesting signatures at the LHC

Completion at the weak scale

is a higher dimensional operatoryf �f ff
c

Can be generated by introducing:

Heavy scalar doublets Heavy vectorlike fermionsor

Hf
F cF

f c fL

hHSMi�f

X

X

f c fL

hHSMi�f

X

Several interesting signatures at the LHC

yf �fff
c

<latexit sha1_base64="K66NrHxaFyrIyS7OpbrqpJZ/TKg=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJAVUJKoKxgoWxSPQhNSFyHLu16jxkO0hRlJGFX2FhACFWPoGNv8FNO0DLka50dM69vr7HTziTyrK+jcrS8srqWnW9trG5tb1j7u51ZZwKTDo45rHo+0gSziLSUUxx0k8EQaHPSc8fX0/83gMRksXRncoS4oZoGDHKMFJa8szDzKPOae6UL+WCBEXutEfMo0UBKb3Hnlm3GlYJuEjsGamDGdqe+eUEMU5DEinMkZQD20qUmyOhGOakqDmpJAnCYzQkA00jFBLp5uX6Ah5rJYA0FroiBUv190SOQimz0NedIVIjOe9NxP+8QaropZuzKEkVifB0EU05VDGcpAIDJghWPNMEYcH0XyEeIYGw0tnVdAj2/MmLpHvWsJuN89tmvXU1i6MKDsAROAE2uAAtcAPaoAMweATP4BW8GU/Gi/FufExbK8ZsZh/8gfH5A2w0mjw=</latexit>
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