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Axions and axion-like particles (ALPs)

Well motivated theoretically: 

• Peccei—Quinn solution to strong CP problem: 

• More generally, ALPs arise as pseudo Nambu—Golstone 
bosons of spontaneously broken global U(1) symmetry  

• Axion mass and couplings to Standard Model are 
inversely proportional to   

• For heavier ALPs, couplings to particles other than the 
photon can be probed in particle-physics experiments

fa
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[Peccei, Quinn 1977; Weinberg 1978; Wilczek 1978]

LQCD !
✓
✓ +

a

fa

◆
↵s

8⇡
Ga

µ⌫
eGµ⌫,a + . . .

<latexit sha1_base64="7poOqsfcpeEK4nBjVnFVKslp3Ok="></latexit>

Creative Commons



Matthias Neubert Moriond EW 2024: Flavor Probes of Axion-Like Particles

Effective Lagrangian for a light ALP 

• Most general effective Lagrangian for a pseudoscalar boson  coupled to the SM via 
classically shift-invariant interactions (broken softly by a mass term):  

• All interactions are suppressed by inverse powers of   , with   

• 5 out of the 49 real couplings in this Lagrangian are redundant 

• Will always work with physical combinations of coupling parameters
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[Georgi, Kaplan, Randall 1986]

couplings to fermions coupling to Higgs doublet

coupling to SU(2)L bosonscoupling to gluons coupling to hypercharge boson



Flavor probes for ALP couplings
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Direct probes: ALP production in decays

4

• FCNC processes analogous to , e.g. 
 and  

• Kinematically allowed in certain mass regions only, 
e.g.  

• Phenomenology depends on how the ALP decays 
( ) and how long it lives

B → Xsγ
K → πa B → Ka

ma < mK − mπ

a → γγ, l+l−, …

q1 q2

q̄

M1 M2

a
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Direct probes: ALP production in decays
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Observable Mass range [MeV] ALP decay mode Constrained Limit (95% CL) on Limit (95% CL) on Figure

coupling cij cij ·
⇣
TeV
f

⌘
·
p

B cij/|V ⇤
tiVtj | ·

⇣
TeV
f

⌘
·
p

B

Br(K� ! ⇡
�
a(inv)) 0 < ma < 261 (⇤) long-lived |kD + kd|12 1.2 ⇥ 10�9 3.9 ⇥ 10�6 7 a)

Br(KL ! ⇡
0
a(inv)) 0 < ma < 261 long-lived |Im[[kD + kd]12| 8.1 ⇥ 10�9 7.0 ⇥ 10�5 7 b)

Br(K� ! ⇡
�
��) ma < 108 �� |kD + kd|12 2.1 ⇥ 10�8 6.9 ⇥ 10�5 7 c)

Br(K� ! ⇡
�
��) 220 < ma < 354 �� |kD + kd|12 2.0 ⇥ 10�7 6.5 ⇥ 10�4 7 d)

Br(KL ! ⇡
0
��) ma < 110 �� |Im[[kD + kd]12]| 1.3 ⇥ 10�8 1.1 ⇥ 10�4 7 e)

Br(KL ! ⇡
0
��) ma < 363(zz)

�� |Im[[kD + kd]12]| 1.3 ⇥ 10�7 1.1 ⇥ 10�3 7 f)

Br(K+ ! ⇡
+
a(e+e

�)) 1 < ma < 100 e
+
e
� |kD + kd|12 3.4 ⇥ 10�7 1.1 ⇥ 10�3 7 g)

Br(KL ! ⇡
0
e
+
e
�) 140 < ma < 362 e

+
e
� |Im[[kD + kd]12]| 3.1 ⇥ 10�9 2.6 ⇥ 10�5 7 h)

Br(KL ! ⇡
0
µ
+
µ
�) 210 < ma < 350 µ

+
µ
� |Im[[kD + kd]12]| 4.0 ⇥ 10�9 3.4 ⇥ 10�5 7 i)

Br(B+ ! ⇡
+
e
+
e
�) 140 < ma < 5140 e

+
e
� |kD + kd|13 7.0 ⇥ 10�7 8.7 ⇥ 10�5 8 a)

Br(B+ ! ⇡
+
µ
+
µ
�) 211 < ma < 5140 (‡‡)

µ
+
µ
� |kD + kd|13 1.2 ⇥ 10�7 1.4 ⇥ 10�5 8 b)

Br(B� ! K
�
⌫⌫̄) 0 < ma < 4785 long-lived |kD + kd|23 6.2 ⇥ 10�6 1.6 ⇥ 10�4 9 a)

Br(B ! K
⇤
⌫⌫̄) 0 < ma < 4387 long-lived |kD � kd|23 4.1 ⇥ 10�6 1.1 ⇥ 10�4 9 b)

dBr/dq
2(B0 ! K

⇤0
e
+
e
�)[0.0,0.05] 1 < ma < 224 e

+
e
� |kD � kd|23 6.4 ⇥ 10�7 1.6 ⇥ 10�5 9 c)

dBr/dq
2(B0 ! K

⇤0
e
+
e
�)[0.05,0.15] 224 < ma < 387 e

+
e
� |kD � kd|23 9.3 ⇥ 10�7 2.4 ⇥ 10�5 9 d)

Br
�
B

� ! K
�

a(µ+
µ
�)

�
250 < ma < 4700 (†)

µ
+
µ
� |kD + kd|23 4.4 ⇥ 10�8 1.1 ⇥ 10�6 9 e)

Br
�
B

0 ! K
⇤0

a(µ+
µ
�)

�
214 < ma < 4350 (†)

µ
+
µ
� |kD � kd|23 5.1 ⇥ 10�8 1.3 ⇥ 10�6 9 f)

Br(B� ! K
�
⌧
+
⌧
�) 3552 < ma < 4785 ⌧

+
⌧
� |kD + kd|23 8.2 ⇥ 10�5 2.1 ⇥ 10�3 9 g)

Br(D0 ! ⇡
0
e
+
e
�) 1 < ma < 1730(‡) e

+
e
� |kU + ku|12 2.8 ⇥ 10�5 � 10 a)

Br(D+ ! ⇡
+
e
+
e
�) 200 < ma < 1730(††) e

+
e
� |kU + ku|12 8.4 ⇥ 10�6 � 10 b)

Br(D+
s ! K

+
e
+
e
�) 200 < ma < 1475(z)

e
+
e
� |kU + ku|12 2.4 ⇥ 10�5 � 10 c)

Br(D+ ! ⇡
+
µ
+
µ
�) 250 < ma < 1730(⇤⇤) µ

+
µ
� |kU + ku|12 2.1 ⇥ 10�6 � 10 d)

Br(D+
s ! K

+
µ
+
µ
�) 200 < ma < 1475(⇤⇤⇤) µ

+
µ
� |kU + ku|12 5.7 ⇥ 10�5 � 10 e)

Table 1: Summary of indicative constraints on quark flavor-violating ALP couplings renormalized at the
scale µw = mt, derived from measurements of branching fractions (first column) for various decays of kaons
and B mesons in a mass range where an on-shell ALP can be produced. The relevant measurements and SM
predictions (where appropriate) are given in Tables 3 to 8 in Appendix C. In each line, the limit cited is the
strongest limit found within the mass range probed by the measurement. In the sixth and seventh columns
the symbol B denotes the ALP branching ratio to the relevant final state, while in the seventh column the
constraints are divided by |V ⇤

tiVtj | as an estimate of the strength of the bounds on the MFV case (since this is
only relevant for left-handed down type couplings, the up-type decays are not included in this column). The
final column refers to figures showing the dependence of the bound on the ALP mass and lifetime. Asterisks
next to the mass range mean that cuts are applied within the mass range to exclude resonance regions,
and therefore the corresponding measurement is insensitive to an ALP with mass in the excluded ranges.
The excluded regions are as follows. (⇤): 100 < m⌫⌫̄ < 161 MeV; (⇤⇤): 525 < mµµ < 1250 MeV; (⇤⇤⇤):
990 < mµµ < 1050 MeV; (z): 950 < mee < 1050 MeV; (zz): 100 < m�� < 160 MeV; (‡): 935 < mee < 1053
MeV; (‡‡): 8.0 < m

2
µµ < 11.0 GeV2 and 12.5 < m

2
µµ < 15.0 GeV2; (†): various cuts are applied to exclude the

regions around the J/ ,  (2S) and  (3370) resonances; (††): 525 < mµµ < 1250 MeV.

33

Bauer, MN, Renner, Schnubel,  
Thamm (2021)
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Indirect probes: virtual ALP corrections
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• ALP loop corrections to rare processes such as 
 and   mixing 

• Allowed for any value of the ALP mass 

• Insensitive to the way in which the ALP decays

Bs → μ+μ− B − B̄

b

bs

s

a

s

b

a

s

b

_

a ⇡
0

�

�

a

�

�

Figure 12: ALP tree-level diagrams contributing to Bs�B̄s mixing. The relative signs between the s-channel
and t-channel exchange is relevant for the case of a light ALP ma ⌧ mb.

3.5.1 Light ALP (ma ⇠ mb or ma ⌧ mb)

The propagator of the s-channel diagram carries the full momentum of the Bq meson. For the t-
channel graph, we assign incoming momenta p

µ
b = mbv

µ +k
µ
1 , p

µ
q̄ = ⇤̄v

µ �k
µ
1 to the b quark and light

anti-quark, respectively, where ⇤̄ = mBq �mb and mb denotes the pole mass of the b quark. Similarly,
we label the outgoing momenta as p

µ
b̄

= mbv
µ + k

µ
1 , p

µ
q = ⇤̄v

µ � k
µ
2 . Here v

µ denotes the 4-velocity
of the B mesons, which equals v

µ = (1,0) in the meson rest frame. The t-channel propagator can
then be expanded as

1
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(3.24)
where we neglect terms of quadratic order in the soft momenta of the light quarks. The expansion
is valid only if

��(mb � ⇤̄)2 � m
2
a

�� � ⇤2
QCD, which we assume to be the case for the purposes of this

discussion. In this case the length scale resolved by the propagating ALP is much smaller than the
size of the B meson, which is set by the inverse of ⇤QCD. We can thus describe the decay amplitude
in terms of hadronic matrix elements of local 4-quark operators defined in heavy-quark e↵ective
theory (HQET), where the b-quark field is replaced by an e↵ective field bv satisfying /v bv = bv and
iv · D bv = 0 [127]. The first-order correction term on the right-hand side of (3.24) corresponds
to higher-dimensional HQET operators in which one of the two heavy-quark fields is replaced by
iv · D bv. The matrix elements of these operators vanish by virtue of the equations of motion of

HQET. At the scale µb ⇠
��(mb � ⇤̄)2 � m

2
a

��1/2, we thus define the e↵ective Hamiltonian

H�B=2
e↵ =

5X

i=1

Ci(µb) Oi +
3X

i=1

C̃i(µb) Õi , (3.25)

where the basis of local operators is (with q = d, s) [128]

O1 = q̄
i
L�µb

i
v,L q̄

j
L�

µ
b
j
v,L , O2 = q̄

i
Rb

i
v,L q̄

j
Rb

j
v,L , O3 = q̄

i
Rb

j
v,L q̄

j
Rb

i
v,L ,

O4 = q̄
i
Rb

i
v,L q̄

j
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i
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j
Lb

i
v,R ,

(3.26)

as well as operators Õq
1,2,3 obtained by exchanging L $ R in Oq

1,2,3. Here i and j are color indices, and

bv denotes the e↵ective heavy-quark field in HQET. For the Wilson coe�cients relevant for Bs � B̄s
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Figure 12: ALP tree-level diagrams contributing to Bs�B̄s mixing. The relative signs between the s-channel
and t-channel exchange is relevant for the case of a light ALP ma ⌧ mb.
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1,2,3 obtained by exchanging L $ R in Oq

1,2,3. Here i and j are color indices, and

bv denotes the e↵ective heavy-quark field in HQET. For the Wilson coe�cients relevant for Bs � B̄s

42

μ−

μ+



Matthias Neubert Moriond EW 2024: Flavor Probes of Axion-Like Particles

Indirect probes: virtual ALP corrections

7

• ALP loop corrections to rare processes such as 
 and   mixing 

• Allowed for any value of the ALP mass 

• Insensitive to the way in which the ALP decays 

• Simple example:

Bs → μ+μ− B − B̄

information is contained in the Bs-meson decay constant. After taking the Bs ! µ
+
µ
� matrix

element, the SM contribution and the ALP contribution to the decay amplitude have the same
structure. Taking their interference properly into account, we find that the ALP contribution modifies
the branching ratios according to

Br(Bs ! µ
+
µ
�)

Br(Bs ! µ+µ�)SM
=

�����1 � cµµ(µb)

CSM
10 (µb)

⇡

↵(µb)

v
2

f2

1

1 � m2
a/m2

Bs

[kD � kd]23
V ⇤
ts Vtb

�����

2

. (3.19)

An analogous expression holds for the case of Bd ! µ
+
µ
� decay. Here µb ⇠ mb is an appropriate

choice of the renormalization scale. In the SM, one finds C
SM
10 (mb) ' �4.2 [122]. According to (2.20)

and (2.35), the value of cµµ at the scale µb is approximately equal to cµµ(⇤) + 0.12ctt(⇤). The above
formula exhibits the decoupling (⇠ 1/m

2
a) for a heavy ALP as mentioned above. It becomes singular

if the ALP is degenerate in mass with the Bs (or Bd) meson. This case can be safely excluded,
because it would lead to a significant mixing of the ALP with the pseudoscalar (s̄b) or (d̄b) flavor
eigenstates, in which case all precision flavor observables of B mesons tested at the B factories would
be strongly a↵ected.

A combination of results from ATLAS, CMS and LHCb finds the values [123]

Brexp(Bd ! µ
+
µ
�) = (0.6+0.7

�0.7) ⇥ 10�10
, (3.20)

Brexp(Bs ! µ
+
µ
�) = (2.69+0.37

�0.35) ⇥ 10�9
, (3.21)

These measurements di↵er from the SM prediction [124]

BrSM(Bd ! µ
+
µ
�) = (1.03 ± 0.05) ⇥ 10�10

, (3.22)

BrSM(Bs ! µ
+
µ
�) = (3.66 ± 0.14) ⇥ 10�9

, (3.23)

by 0.64� and 2.4�, respectively. The measurements provide model-independent constraints on the
coupling product cµµ(µb) [kD � kd]13/f

2 and cµµ(µb) [kD � kd]23/f
2 as a function of ma as shown in

the left (Bd) and right (Bs) panel of Figure 11, respectively.8 Green (yellow) indicates the region
where the ALP contribution is within 1� (2�) from the theory prediction and the experimentally
measured value. The orange regions are excluded at 2�.

The left panel of Figure 11 depicts the constraints from Bd ! µ
+
µ
� for cµµRe[kD � kd]13 > 0

(top) and cµµRe[kD � kd]13 < 0 (bottom), with all couplings defined at the scale of the mea-
surement. Since the experimentally measured value of the branching ratio agrees well with the
SM expectation, the ALP contribution needs to be small to lie within one standard deviation:
0 < Br(Bd ! µ

+
µ
�)/Br(Bd ! µ

+
µ
�)SM < 1.3. For ma > mBd , the 1� region is mass depen-

dent. Larger ALP masses allow for larger couplings to lie within the 1 � region. The top right panel
depicts the constraints from Bs ! µ

+
µ
� for [kD � kd]23 > 0. We find that the presence of an ALP

can only alleviate the tension in Bs ! µ
+
µ
� for ma > mBs . The ALP contribution to the branching

ratio must be such that 0.64 < Br(Bs ! µ
+
µ
�)/Br(Bs ! µ

+
µ
�)SM < 0.84 at 1�. The quadratic

form of (3.19) leads to the appearance of two 1� branches. As the ALP mass approaches mBs , ever
smaller couplings are required to compensate for the growing denominator. For ma < mBs , the sign
of the ALP contribution in (3.19) flips and the branching ratio becomes too large to be within the
2� region, even for vanishing coupling values.

8Note that an ALP with ma < 300MeV and sizeable couplings to quarks could also be discovered in Bq ! µµa
decays where the ALP can be produced resonantly [125].
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Figure 11: Left: Constraints on the ALP parameter space from the measurement of Br(Bd ! µ
+
µ

�) in
the cµµ(µb) [kD � kd]13 vs ma plane. The green and yellow areas respectively lie within 1� and 2� of the
experimental value and the orange region is excluded at 2�. Right: Parameter space of cµµ(µb) [kD � kd]23 vs
ma where the tension in Bs ! µ

+
µ

� can be explained by an ALP with flavor-violating couplings.

The situation is reversed for cµµ(µb) Re[kD�kd]23 < 0 shown in the bottom left panel of Figure 11,
since here the SM prediction is in tension with the data, and a sizeable ALP contribution is needed
to bring the prediction in line with measurement. The branching ratio is thus too large if the ALP
mass is big, but can be within the 1 � region for ma < mBs . Again we find two branches of the 1�

region due to the quadratic nature of (3.19). As ma gets closer to mBs , smaller couplings compensate
for the large denominator.

3.5 Modification of Bd,s – B̄d,s mixing

Mixing of neutral Bs,d mesons with their anti-particles can be induced by the exchange of a flavor-
changing ALP via both s- and t-channel diagrams, as shown in Figure 12 [30, 126]. There is a relative
minus sign between the contributions from the two graphs, because they are related by an odd number
of fermion exchanges. We first evaluate these diagrams for the case of a light ALP with mass ma ⇠ mb

or ma ⌧ mb. The case of a heavy ALP (ma � mb) will be considered later. Throughout, we will
neglect the masses of the light d and s quarks, which is a very good approximation.
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RG evolution from the UV to lower scales 

8

Λ = 4πf
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Flavor-changing ALP couplings 

• Can be avoided at UV scale using flavor symmetries, but are unavoidably generated 
during RG evolution 

• Assuming flavor universality in the UV yields for  (  ):f = 1 TeV Λ = 4πf

Bauer, MN, Renner, Schnubel, Thamm (2021)

Assuming MFV (only          ) for  yt 6= 0

24
MB, Neubert, Renner, Schnubel,  
Thamm,  JHEP 04 (2021) 063 

Flavor off-diagonal ALP-fermion couplings

are integrated out have been studied in detail in [? ]. One finds that

[ku(µw)]ij = [ku(⇤)]ij ; i, j 6= 3 ,

[kU(µw)]ij = [kU(⇤)]ij ; i, j 6= 3 ,

[kd(µw)]ij = [kd(⇤)]ij ,

[ke(µw)]ij = [ke(⇤)]ij ,

[kE(µw)]ij = [kE(⇤)]ij .

(0.24)

Note that for ku and kU we only need the entries where i, j 6= 3, since the top quark has been
integrated out in the e↵ective theory below the weak scale. For the o↵-diagonal elements of
the coe�cient kD one obtains the more interesting result
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where the evolution functions U(µw,⇤) and It(µw,⇤) are defined as
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while the matching contribution [�̂kD(µw)]ij can be found in eq. (5.7) of [? ]. Via these
evolution functions, ALP couplings to any SM field at the UV scale will, at some loop order,
produce logarithmically-enhanced contributions to flavor-changing down-type quark couplings
below the electroweak scale. We will make use of this important point in Section ?? to place
new constraints on individual ALP couplings defined at the UV scale, by calculating their
flavor e↵ects to leading logarithmic approximation via these equations.

The above results simplify significantly if the ALP Lagrangian at the UV scale ⇤ respects
the principle of minimal flavor violation [? ]. One then finds that [? ]
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(0.28)

with xt = m2
t/m

2
W . The explicit solution for the evolution function It(µw,⇤) involves again

the ALP couplings ctt and c̃V V . For the reference scale f = 1TeV, one finds numerically (for
i 6= j)

[kD(mt)]ij ' [kD(⇤)]ij + 0.019V ⇤
tiVtj

h
ctt(⇤)� 0.0032 c̃GG(⇤)� 0.0057 c̃WW (⇤)

i
. (0.29)
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Flavor violation can come from the UV theory or from the SM
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Matthias Neubert Moriond EW 2024: Flavor Probes of Axion-Like ParticlesFigure 23: Left: Flavor bounds on universal ALP couplings to right-handed up-type quarks with cu = cu ,
with all other Wilson coe�cients set to zero at ⇤ = 4⇡f and f = 1TeV. Right: Comparison of flavor constraints
(light gray) with the constraint on Z ! a� decays from the LEP measurement of the Z boson width, contours
of constant Br(h ! aa) = 10�1

, 10�2 and 10�3 depicted as red dotted, dashed and solid lines and contours of
constant Br(h ! Za) = 10�1

, 10�2 and 10�3 shown as blue dotted, dashed and solid lines, respectively.

the parameter space by the measurement of the chromomagnetic dipole moment of the top quark
µ̂t, shown in magenta in Figure 23. Constraints of similar strength arise from the contribution of
virtual ALP exchange in B-meson mixing, even though the measurements are significantly more
precise than in the case of the chromomagnetic dipole moment of the top quark, because it requires
two loop-induced flavor-changing ALP vertices. In plotting the limits from B-meson mixing, we have
excluded the parameter space mb/2 < ma < 2mb as discussed in Section 3.5.

The horizontal purple region in the right panel of Figure 23 indicates the parameter space ex-
cluded by the contribution of �(Z ! a�) to the total Z width, |cu|/f & 146/ TeV, which represents
a significantly weaker constraint relative to the constraints from measurements of flavor transitions
compared to Figure 20, because the ALP coupling to photons and Z- bosons are only induced at
one-loop here. Contours of constant Br(h ! aa) = 10�1

, 10�2 and 10�3 are depicted as red dotted,
dashed and solid lines, respectively. The ALP coupling to top quarks also induces the exotic Higgs
decay h ! Za, and the corresponding contours of constant Br(h ! Za) = 10�1

, 10�2 and 10�3 are
shown as blue dotted, dashed and solid lines. In contrast to ALPs coupled to SU(2)L gauge bosons,
neither flavor constraints nor the measurement of the Z width exclude large branching ratios for
exotic Higgs decays for ma & 5 GeV, but Br(h ! Za) & 1% is in conflict with the measurement of
the chromomagnetic dipole moment of the top quark in this scenario.

3.8.5 ALP coupling to right-handed down-type quarks

For universal ALP couplings to right-handed down-type quarks cd(⇤) = kd(⇤) = cd , the ALP
branching ratios are shown in the lower left panel of Figure 18 and the constraints from flavor

57

Constraints on ALP-top coupling in UV

10
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Constraints on ALP-gluon coupling in UV

11Figure 19: Left: Flavor bounds on ALP couplings to gluons with all other Wilson coe�cients set to zero at
⇤ = 4⇡f and f = 1 TeV. Right: Comparison of the same flavor constraints (light gray) with the constraints
on Z ! a� decays from the LEP measurement of the Z boson width (violet), contours of constant Br(h !
aa) = 10�1

, 10�2 and 10�3, depicted as red dotted, dashed and solid lines, and contours of constant Br(h !
Za) = 10�1

, 10�2 and 10�3, shown as blue dotted, dashed and solid lines, respectively.

The branching ratios of an ALP with couplings to SM fermions are shown in Figure 18. Con-
straints for an ALP with a flavor-universal coupling to singlet up-type quarks (cu = cu ), singlet
down-type quarks (cd = cd ) or SU(2)L quark doublets (cQ = cQ ) at the scale ⇤ are shown in
Figures 23, 24 and 25, respectively. Limits on ALPs with either flavor-universal SU(2)L doublet
(cL = cL ) or singlet (ce = ce ) lepton couplings are displayed in Figures 26 and 27.

Note that we consider the relatively low UV scale ⇤ = 4⇡f with f = 1TeV in all scenarios
discussed here. However, the numerical impact of the RG running from a much larger scale ⇤ is
small. For example, choosing a UV scale of f = 1012 TeV changes the coe�cients in (3.11) and (3.12)
by less than one order of magnitude [35]. This implies that the constraints on the ALP couplings,
in the combination c/f , derived below depend only weakly on the UV scale and that the exclusion
plots would change only minimally for di↵erent values of ⇤.

In the rest of the subsection, we describe the features of the di↵erent constraint plots in turn.

3.8.1 ALP coupling to gluons

First we consider an ALP which only has a coupling to gluons in the UV, i.e., only cGG is non-
zero at the scale ⇤. We focus on ALPs with masses ma < O(10) GeV, which obtain sizeable
couplings to hadrons and photons as well as flavor o↵-diagonal couplings to down-type quarks from
RG evolution. As a result, an ALP which only couples to gluons at the UV scale decays mostly
into hadrons for ALP masses above the QCD scale, and dominantly into photons for ma < ⇤QCD,
as shown in Figure 17. The branching ratios of such an ALP into leptons are Br(a ! `

+
`
�) < 1%.

Since the ALP-gluon coupling for ma < ⇤QCD induces an order one ALP coupling to photons

51
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Constraints on ALP-W coupling in UV

12Figure 20: Left: Flavor bounds on ALP couplings to SU(2)L gauge bosons with all other Wilson coe�cients
set to zero at ⇤ = 4⇡f and f = 1TeV. Right: Comparison of the same flavor constraints (light gray) with
the constraints on Z ! a� decays from the LEP measurement of the Z boson width (violet) and contours of
constant Br(h ! aa) = 10�1

, 10�2 and 10�3 depicted as red dotted, dashed and solid lines.

the constraints shown in Figure 22. An analysis of astrophysical observables considering the presence
of ALP couplings to photons and nucleons simultaneously would be very welcome in order to enable
a direct comparison of these constraints in the future.

3.8.2 ALP coupling to SU(2)L gauge bosons

An ALP with couplings only to SU(2)L gauge bosons in the UV, so that only cWW is non-zero at the
scale ⇤, obtains flavor-diagonal couplings to quarks and charged leptons as well as flavor o↵-diagonal
couplings to down-type quarks through loop diagrams containing a W boson. The coupling cWW

induces a tree-level coupling of the ALP to photons which implies a dominant ALP decay width
into photons Br(a ! ��) ⇡ 1 for all of the parameter space we consider. The loop-induced decays
into fermions do not exceed 1% for most of the parameter space, as shown in Figure 17. The ALP
lifetime is therefore well approximated by ⌧a / 1/(c2WWm

3
a), so that the ALP has a decay length

of more than 10 m for ma ⇡ 0.1 c
3/2
WW GeV and hence lighter ALPs are likely to decay outside the

detector. As for the ALP with a gluon coupling in the UV, the search for Br(K+ ! ⇡
+
X) [152], with

X decaying invisibly or escaping the NA62 detector, provides the strongest constraint for ma < m⇡

and small cWW . The parameter space excluded by this constraint is shown in pink in Figure 20
and excludes values of cWW /f & 0.25/TeV. The bound on |cWW |/f from the equivalent neutral
mode search KL ! ⇡

0
X [153] is only about an order of magnitude smaller than the bound from

the charged mode, in contrast to the much larger hierarchy between the corresponding bounds on
|cGG|/f discussed in the previous subsection. The reason for this is that the K

+ ! ⇡
+
a and the

KL ! ⇡
0
a amplitudes have similar numerical dependences on cWW , as discussed in Section 3.2.

The three-body decay ⇡
+ ! e

+
a⌫e provides only a weak constraint on |cWW |/f compared to the
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ALP production in rare kaon decays 

Interesting search channel  

• Model-independent analysis using chiral 
perturbation theory 

• Previous calculations used an incorrect 
implementation of the chiral currents; as a 
result, the BR gets enhanced by factor 37  

• Strong constraints on flavor-violating and 
flavor-conserving ALP couplings

K− → π−a

Bauer, MN, Renner, Schnubel, Thamm (2021)

3

only to condition (3). We study in detail how the depen-
dence on these auxiliary variables cancels in predictions
for physical observables. For flavor-conserving processes
such as a ! �� and a ! ⇡⇡⇡, an analogous study was
performed in [19].
In (7) the ALP enters in the quark mass matrix m̂q(a)

and through the covariant derivative defined in (5). For
the very special situation in which

Tr
⇥
kQ(µ�)� kq(µ�)

⇤
= 2cGG , (12)

it is possible to choose the matrices q and �q in such

a way that k̂q and k̂Q both vanish. In this case, the
ALP only enters the Lagrangian through the quark mass
matrix (8), see e.g. [17]. However, condition (12) is not
invariant under renormalization-group evolution, and it
would need a fine tuning to realize this condition at the
low scale µ�.
The e↵ective chiral Lagrangian (7) can also be used

to study flavor-changing processes such as K�
! ⇡�a

and ⇡�
! e�⌫̄ea, which in the SM are mediated by the

weak interactions and at low energies are described by
4-fermion operators built out of products of left-handed
currents. Under a left-handed, flavor o↵-diagonal rota-
tion qL ! UL qL of the quark fields, the meson fields
transform non-linearly as ⌃ ! UL⌃. The e↵ective La-
grangian is invariant under this transformation if we treat
the quark mass matrix and the left-handed ALP cou-
plings as spurions transforming as m̂q(a) ! ULm̂q(a)

and k̂Q ! UL k̂QU †
L. Applying the Noether procedure

to the Lagrangians in the quark and meson pictures, and
accounting for an additional phase factor arising from the
chiral rotation of the fields, we find that the left-handed
quark currents q̄iL�µqjL must be represented in the chiral
theory by

Lji
µ = �

if2
⇡

4
e
i(��

qi
���

qj
)a/f ⇥

⌃ (Dµ⌃)†
⇤ji

3 �
if2

⇡
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
1 + i(�qi � �qj � qi + qj ) cGG
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� ⇥
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†⇤ji

+
f2
⇡

4

@µa

f

⇥
k̂Q �⌃ k̂q⌃

†⇤ji . (13)

This generates both non-derivative and derivative cou-
plings of the ALP to the weak-interaction vertices. With
the special choice �q = q one can eliminate the non-
derivative couplings; however, the derivative couplings
remain. Astoundingly, it appears that the contribution
involving the derivative of the ALP field has been omitted
in the literature. It has neither been taken into account
in the original paper [13] nor in later work based on it.
The chiral representation of the e↵ective weak La-

grangian mediating the decays K�
! ⇡�⇡0, KS !

⇡+⇡� and KS ! ⇡0⇡0 at leading order in the chiral ex-
pansion involves an operator transforming as an SU(3)
octet and two transforming as 27-plets [25–27]. (A second
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FIG. 1. Feynman graphs contributing to the K� ! ⇡�a de-

cay amplitude at leading order in the chiral expansion. Weak-

interaction vertices are indicated by a crossed circle, while

dots refer to vertices from the Lagrangian (7).

octet operator can be transformed into the first one using
the equations of motion.) The octet operator receives a
huge dynamical enhancement known as the �I = 1

2 se-
lection rule [28]. The corresponding Lagrangian reads

Lweak = �
4GF
p
2

V ⇤
udVus g8 [LµLµ]32 , (14)

where |g8| ⇡ 5.0 [29], and the index pair “32” signals a
sL ! dL transition. We have calculated the K�

! ⇡�a
decay amplitude from the Lagrangians (7) and (14), eval-
uating the Feynman graphs shown in Figure 1. The first
two diagrams account for the ALP–meson mixing contri-
butions mentioned above, while the third graph contains
the ALP interactions at the weak vertex derived from
(13). The following two graphs describe ALP emission of
an initial- or final-state meson. They give nonzero con-
tributions if the ALP has non-universal vector-current
interactions with di↵erent quark flavors. The last di-
agram contains possible flavor-changing ALP–fermion
couplings, as parameterized by the o↵-diagonal elements
of the matrices kQ and kq in (1). To simplify the analy-
sis we set mu = md ⌘ m̄ in order to eliminate the ⇡0–⌘
mass mixing. (More general expressions, including also
the contribution from the 27-plet operators, will be pre-
sented elsewhere.) The meson masses are then given by
m2

⇡ = 2B0 m̄, m2
K = B0 (ms+m̄), and 3m2

⌘ = 4m2
K�m2

⇡.
Before considering the resulting decay amplitude, it is in-
structive to see how the scheme-dependent contributions
involving the �q and q parameters cancel between the
various diagrams. In units of N8 = �
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only to condition (3). We study in detail how the depen-
dence on these auxiliary variables cancels in predictions
for physical observables. For flavor-conserving processes
such as a ! �� and a ! ⇡⇡⇡, an analogous study was
performed in [19].

In (7) the ALP enters in the quark mass matrix m̂q(a)
and through the covariant derivative defined in (5). For
the very special situation in which
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= 2cGG , (12)

it is possible to choose the matrices q and �q in such

a way that k̂q and k̂Q both vanish. In this case, the
ALP only enters the Lagrangian through the quark mass
matrix (8), see e.g. [17]. However, condition (12) is not
invariant under renormalization-group evolution, and it
would need a fine tuning to realize this condition at the
low scale µ�.
The e↵ective chiral Lagrangian (7) can also be used

to study flavor-changing processes such as K�
! ⇡�a

and ⇡�
! e�⌫̄ea, which in the SM are mediated by the

weak interactions and at low energies are described by
4-fermion operators built out of products of left-handed
currents. Under a left-handed, flavor o↵-diagonal rota-
tion qL ! UL qL of the quark fields, the meson fields
transform non-linearly as ⌃ ! UL⌃. The e↵ective La-
grangian is invariant under this transformation if we treat
the quark mass matrix and the left-handed ALP cou-
plings as spurions transforming as m̂q(a) ! ULm̂q(a)

and k̂Q ! UL k̂QU †
L. Applying the Noether procedure

to the Lagrangians in the quark and meson pictures, and
accounting for an additional phase factor arising from the
chiral rotation of the fields, we find that the left-handed
quark currents q̄iL�µqjL must be represented in the chiral
theory by
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This generates both non-derivative and derivative cou-
plings of the ALP to the weak-interaction vertices. With
the special choice �q = q one can eliminate the non-
derivative couplings; however, the derivative couplings
remain. Astoundingly, it appears that the contribution
involving the derivative of the ALP field has been omitted
in the literature. It has neither been taken into account
in the original paper [13] nor in later work based on it.

The chiral representation of the e↵ective weak La-
grangian mediating the decays K�

! ⇡�⇡0, KS !

⇡+⇡� and KS ! ⇡0⇡0 at leading order in the chiral ex-
pansion involves an operator transforming as an SU(3)
octet and two transforming as 27-plets [25–27]. (A second
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octet operator can be transformed into the first one using
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where |g8| ⇡ 5.0 [29], and the index pair “32” signals a
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decay amplitude from the Lagrangians (7) and (14), eval-
uating the Feynman graphs shown in Figure 1. The first
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butions mentioned above, while the third graph contains
the ALP interactions at the weak vertex derived from
(13). The following two graphs describe ALP emission of
an initial- or final-state meson. They give nonzero con-
tributions if the ALP has non-universal vector-current
interactions with di↵erent quark flavors. The last di-
agram contains possible flavor-changing ALP–fermion
couplings, as parameterized by the o↵-diagonal elements
of the matrices kQ and kq in (1). To simplify the analy-
sis we set mu = md ⌘ m̄ in order to eliminate the ⇡0–⌘
mass mixing. (More general expressions, including also
the contribution from the 27-plet operators, will be pre-
sented elsewhere.) The meson masses are then given by
m2

⇡ = 2B0 m̄, m2
K = B0 (ms+m̄), and 3m2
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Before considering the resulting decay amplitude, it is in-
structive to see how the scheme-dependent contributions
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a way that k̂q and k̂Q both vanish. In this case, the
ALP only enters the Lagrangian through the quark mass
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This generates both non-derivative and derivative cou-
plings of the ALP to the weak-interaction vertices. With
the special choice �q = q one can eliminate the non-
derivative couplings; however, the derivative couplings
remain. Astoundingly, it appears that the contribution
involving the derivative of the ALP field has been omitted
in the literature. It has neither been taken into account
in the original paper [13] nor in later work based on it.

The chiral representation of the e↵ective weak La-
grangian mediating the decays K�

! ⇡�⇡0, KS !

⇡+⇡� and KS ! ⇡0⇡0 at leading order in the chiral ex-
pansion involves an operator transforming as an SU(3)
octet and two transforming as 27-plets [25–27]. (A second

⇡�⇡� ⇡�

g8

K�

K�

a

K�

⇡�

⇡�⇡�

a

K�

a
⇡0

K� ⇡�

a

K�

K�

g8 g8

a

g8

a

g8

⌘

FIG. 1. Feynman graphs contributing to the K� ! ⇡�a de-

cay amplitude at leading order in the chiral expansion. Weak-

interaction vertices are indicated by a crossed circle, while

dots refer to vertices from the Lagrangian (7).

octet operator can be transformed into the first one using
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uating the Feynman graphs shown in Figure 1. The first
two diagrams account for the ALP–meson mixing contri-
butions mentioned above, while the third graph contains
the ALP interactions at the weak vertex derived from
(13). The following two graphs describe ALP emission of
an initial- or final-state meson. They give nonzero con-
tributions if the ALP has non-universal vector-current
interactions with di↵erent quark flavors. The last di-
agram contains possible flavor-changing ALP–fermion
couplings, as parameterized by the o↵-diagonal elements
of the matrices kQ and kq in (1). To simplify the analy-
sis we set mu = md ⌘ m̄ in order to eliminate the ⇡0–⌘
mass mixing. (More general expressions, including also
the contribution from the 27-plet operators, will be pre-
sented elsewhere.) The meson masses are then given by
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⇡ = 2B0 m̄, m2
K = B0 (ms+m̄), and 3m2
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Before considering the resulting decay amplitude, it is in-
structive to see how the scheme-dependent contributions
involving the �q and q parameters cancel between the
various diagrams. In units of N8 = �
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only to condition (3). We study in detail how the depen-
dence on these auxiliary variables cancels in predictions
for physical observables. For flavor-conserving processes
such as a ! �� and a ! ⇡⇡⇡, an analogous study was
performed in [19].
In (7) the ALP enters in the quark mass matrix m̂q(a)

and through the covariant derivative defined in (5). For
the very special situation in which
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it is possible to choose the matrices q and �q in such

a way that k̂q and k̂Q both vanish. In this case, the
ALP only enters the Lagrangian through the quark mass
matrix (8), see e.g. [17]. However, condition (12) is not
invariant under renormalization-group evolution, and it
would need a fine tuning to realize this condition at the
low scale µ�.
The e↵ective chiral Lagrangian (7) can also be used

to study flavor-changing processes such as K�
! ⇡�a
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! e�⌫̄ea, which in the SM are mediated by the

weak interactions and at low energies are described by
4-fermion operators built out of products of left-handed
currents. Under a left-handed, flavor o↵-diagonal rota-
tion qL ! UL qL of the quark fields, the meson fields
transform non-linearly as ⌃ ! UL⌃. The e↵ective La-
grangian is invariant under this transformation if we treat
the quark mass matrix and the left-handed ALP cou-
plings as spurions transforming as m̂q(a) ! ULm̂q(a)

and k̂Q ! UL k̂QU †
L. Applying the Noether procedure

to the Lagrangians in the quark and meson pictures, and
accounting for an additional phase factor arising from the
chiral rotation of the fields, we find that the left-handed
quark currents q̄iL�µqjL must be represented in the chiral
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This generates both non-derivative and derivative cou-
plings of the ALP to the weak-interaction vertices. With
the special choice �q = q one can eliminate the non-
derivative couplings; however, the derivative couplings
remain. Astoundingly, it appears that the contribution
involving the derivative of the ALP field has been omitted
in the literature. It has neither been taken into account
in the original paper [13] nor in later work based on it.
The chiral representation of the e↵ective weak La-

grangian mediating the decays K�
! ⇡�⇡0, KS !

⇡+⇡� and KS ! ⇡0⇡0 at leading order in the chiral ex-
pansion involves an operator transforming as an SU(3)
octet and two transforming as 27-plets [25–27]. (A second
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octet operator can be transformed into the first one using
the equations of motion.) The octet operator receives a
huge dynamical enhancement known as the �I = 1

2 se-
lection rule [28]. The corresponding Lagrangian reads
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4GF
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where |g8| ⇡ 5.0 [29], and the index pair “32” signals a
sL ! dL transition. We have calculated the K�

! ⇡�a
decay amplitude from the Lagrangians (7) and (14), eval-
uating the Feynman graphs shown in Figure 1. The first
two diagrams account for the ALP–meson mixing contri-
butions mentioned above, while the third graph contains
the ALP interactions at the weak vertex derived from
(13). The following two graphs describe ALP emission of
an initial- or final-state meson. They give nonzero con-
tributions if the ALP has non-universal vector-current
interactions with di↵erent quark flavors. The last di-
agram contains possible flavor-changing ALP–fermion
couplings, as parameterized by the o↵-diagonal elements
of the matrices kQ and kq in (1). To simplify the analy-
sis we set mu = md ⌘ m̄ in order to eliminate the ⇡0–⌘
mass mixing. (More general expressions, including also
the contribution from the 27-plet operators, will be pre-
sented elsewhere.) The meson masses are then given by
m2

⇡ = 2B0 m̄, m2
K = B0 (ms+m̄), and 3m2

⌘ = 4m2
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Before considering the resulting decay amplitude, it is in-
structive to see how the scheme-dependent contributions
involving the �q and q parameters cancel between the
various diagrams. In units of N8 = �
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only to condition (3). We study in detail how the depen-
dence on these auxiliary variables cancels in predictions
for physical observables. For flavor-conserving processes
such as a ! �� and a ! ⇡⇡⇡, an analogous study was
performed in [19].

In (7) the ALP enters in the quark mass matrix m̂q(a)
and through the covariant derivative defined in (5). For
the very special situation in which
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it is possible to choose the matrices q and �q in such

a way that k̂q and k̂Q both vanish. In this case, the
ALP only enters the Lagrangian through the quark mass
matrix (8), see e.g. [17]. However, condition (12) is not
invariant under renormalization-group evolution, and it
would need a fine tuning to realize this condition at the
low scale µ�.
The e↵ective chiral Lagrangian (7) can also be used

to study flavor-changing processes such as K�
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! e�⌫̄ea, which in the SM are mediated by the
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currents. Under a left-handed, flavor o↵-diagonal rota-
tion qL ! UL qL of the quark fields, the meson fields
transform non-linearly as ⌃ ! UL⌃. The e↵ective La-
grangian is invariant under this transformation if we treat
the quark mass matrix and the left-handed ALP cou-
plings as spurions transforming as m̂q(a) ! ULm̂q(a)

and k̂Q ! UL k̂QU †
L. Applying the Noether procedure

to the Lagrangians in the quark and meson pictures, and
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This generates both non-derivative and derivative cou-
plings of the ALP to the weak-interaction vertices. With
the special choice �q = q one can eliminate the non-
derivative couplings; however, the derivative couplings
remain. Astoundingly, it appears that the contribution
involving the derivative of the ALP field has been omitted
in the literature. It has neither been taken into account
in the original paper [13] nor in later work based on it.
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two diagrams account for the ALP–meson mixing contri-
butions mentioned above, while the third graph contains
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an initial- or final-state meson. They give nonzero con-
tributions if the ALP has non-universal vector-current
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sented elsewhere.) The meson masses are then given by
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2
K � m2

⇡ � m2
a)
i
,
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The kappa dependence reads

3

only to condition (3). We study in detail how the depen-
dence on these auxiliary variables cancels in predictions
for physical observables. For flavor-conserving processes
such as a ! �� and a ! ⇡⇡⇡, an analogous study was
performed in [19].

In (7) the ALP enters in the quark mass matrix m̂q(a)
and through the covariant derivative defined in (5). For
the very special situation in which

Tr
⇥
kQ(µ�)� kq(µ�)

⇤
= 2cGG , (12)

it is possible to choose the matrices q and �q in such

a way that k̂q and k̂Q both vanish. In this case, the
ALP only enters the Lagrangian through the quark mass
matrix (8), see e.g. [17]. However, condition (12) is not
invariant under renormalization-group evolution, and it
would need a fine tuning to realize this condition at the
low scale µ�.
The e↵ective chiral Lagrangian (7) can also be used

to study flavor-changing processes such as K�
! ⇡�a

and ⇡�
! e�⌫̄ea, which in the SM are mediated by the

weak interactions and at low energies are described by
4-fermion operators built out of products of left-handed
currents. Under a left-handed, flavor o↵-diagonal rota-
tion qL ! UL qL of the quark fields, the meson fields
transform non-linearly as ⌃ ! UL⌃. The e↵ective La-
grangian is invariant under this transformation if we treat
the quark mass matrix and the left-handed ALP cou-
plings as spurions transforming as m̂q(a) ! ULm̂q(a)

and k̂Q ! UL k̂QU †
L. Applying the Noether procedure

to the Lagrangians in the quark and meson pictures, and
accounting for an additional phase factor arising from the
chiral rotation of the fields, we find that the left-handed
quark currents q̄iL�µqjL must be represented in the chiral
theory by

Lji
µ = �

if2
⇡

4
e
i(��

qi
���

qj
)a/f ⇥

⌃ (Dµ⌃)†
⇤ji

3 �
if2

⇡

4


1 + i(�qi � �qj � qi + qj ) cGG

a

f

� ⇥
⌃ @µ⌃

†⇤ji

+
f2
⇡

4

@µa

f

⇥
k̂Q �⌃ k̂q⌃

†⇤ji . (13)

This generates both non-derivative and derivative cou-
plings of the ALP to the weak-interaction vertices. With
the special choice �q = q one can eliminate the non-
derivative couplings; however, the derivative couplings
remain. Astoundingly, it appears that the contribution
involving the derivative of the ALP field has been omitted
in the literature. It has neither been taken into account
in the original paper [13] nor in later work based on it.

The chiral representation of the e↵ective weak La-
grangian mediating the decays K�

! ⇡�⇡0, KS !

⇡+⇡� and KS ! ⇡0⇡0 at leading order in the chiral ex-
pansion involves an operator transforming as an SU(3)
octet and two transforming as 27-plets [25–27]. (A second

⇡�⇡� ⇡�

g8

K�

K�

a

K�

⇡�

⇡�⇡�

a

K�

a
⇡0

K� ⇡�

a

K�

K�

g8 g8

a

g8

a

g8

⌘

FIG. 1. Feynman graphs contributing to the K� ! ⇡�a de-

cay amplitude at leading order in the chiral expansion. Weak-

interaction vertices are indicated by a crossed circle, while

dots refer to vertices from the Lagrangian (7).

octet operator can be transformed into the first one using
the equations of motion.) The octet operator receives a
huge dynamical enhancement known as the �I = 1

2 se-
lection rule [28]. The corresponding Lagrangian reads

Lweak = �
4GF
p
2

V ⇤
udVus g8 [LµLµ]32 , (14)

where |g8| ⇡ 5.0 [29], and the index pair “32” signals a
sL ! dL transition. We have calculated the K�

! ⇡�a
decay amplitude from the Lagrangians (7) and (14), eval-
uating the Feynman graphs shown in Figure 1. The first
two diagrams account for the ALP–meson mixing contri-
butions mentioned above, while the third graph contains
the ALP interactions at the weak vertex derived from
(13). The following two graphs describe ALP emission of
an initial- or final-state meson. They give nonzero con-
tributions if the ALP has non-universal vector-current
interactions with di↵erent quark flavors. The last di-
agram contains possible flavor-changing ALP–fermion
couplings, as parameterized by the o↵-diagonal elements
of the matrices kQ and kq in (1). To simplify the analy-
sis we set mu = md ⌘ m̄ in order to eliminate the ⇡0–⌘
mass mixing. (More general expressions, including also
the contribution from the 27-plet operators, will be pre-
sented elsewhere.) The meson masses are then given by
m2

⇡ = 2B0 m̄, m2
K = B0 (ms+m̄), and 3m2

⌘ = 4m2
K�m2

⇡.
Before considering the resulting decay amplitude, it is in-
structive to see how the scheme-dependent contributions
involving the �q and q parameters cancel between the
various diagrams. In units of N8 = �

GFp
2

V ⇤
udVus g8f2

⇡ ,

with |N8| ⇡ 1.53 · 10�7, we find for these contributions

D1 3
N8

2f
cGG (u � d)(m

2
⇡ � m2

a) ,

D2 3 �
N8

6f
cGG (2m2

K + m2
⇡ � 3m2

a) (u + d � 2s) ,

D3 3
N8

2f
cGG

h
� (�d � �s � d + s)(m

2
K + m2

⇡ � m2
a)

+ (�u � �d + u + s)(m
2
K � m2

⇡ + m2
a)

+ (�u � �s + u + d)(m
2
K � m2

⇡ � m2
a)
i
,

decays reconsideredK� ! ⇡�a
ALP pion mixing ALP eta mixing vertex contribution 

IS radiation FS radiation ALP flavor changing coupling

MB, Neubert, Renner, Schnubel,  
Thamm, 2102.13112, Phys.Rev.Lett. 127 (2021) 

final-state radiation initial-state radiation flavor-changing 
ALP vertex

13
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ALP production in rare kaon decays 

Subtlety:  a new SU(3) octet operator arises in the LO weak chiral Lagrangian

14

Cornella, Galda, MN, Wyler (2023)

Whereas  is known from  decays,  is still unknownG8 K → ππ Gθ
8

L(p2)
QCD =

F
2

8
h(Dµ⌃) (D

µ⌃†) + �⌃† + ⌃�†i+ F
2

8
H0 (Dµ✓)(D

µ
✓)

<latexit sha1_base64="5qGCvfrCr0u9euknuxSOHvXoPI8="></latexit>

Dµ✓ = �2c̃GG(@µa)/f
<latexit sha1_base64="iiSb9uDYEXSYGlHyQNvV2vjvMt4="></latexit>

Lµ = ⌃ i
�
Dµ⌃

†�
<latexit sha1_base64="xtjs6ZeS1WRTmY4I+UeKy9JmC3w="></latexit>

L(p2)
weak =

F 4

4

h
G8h�6LµL

µi+G✓
8 (Dµ✓)h�6L

µi
i
+ h.c.
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ALP production in rare kaon decays 

15

Interesting search channel  

• At NLO in chiral perturbation theory the calculation is far more involved 

• NLO QCD and weak chiral Lagrangians need to be supplemented by 3 resp. 9 operators 
involving   

• Sensitivity to several poorly known low-energy constants 

• Modest NLO corrections with sizable uncertainties

K− → π−a

Dμ θ

Cornella, Galda, MN, Wyler (2023)
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Contributions proportional to G8 (for ma = 0): 

Contribution proportional to G8θ (for ma = 0):

ALP production in rare kaon decays 

16

iAG8
LO

=
G8F 2

⇡ m2

K

2f

h
1.88 c̃GG � 0.02 cauu � 0.48 (cadd + cass)

i

iAG8
NLO

=
G8F 2

⇡ m2

K

2f

h
(�0.25± 0.43± 0.61) c̃GG + (5.21± 1.03± 6.52) · 10�3 cauu

+ (0.06± 0.11± 0.16) (cadd + cass)
i
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Bounds on ALP couplings

Interesting search channel  

• NA62 experimental limits on  
imply bounds on ALP couplings (one at a 
time), which we express in the form of 
parameters  

• New-physics scales probed range from few 
to tens of TeV  

 (*)   assuming 

K− → π−a

K− → π−X

Λeff
ci

= f/ |ci |

Gθ
8 = 0

17

ci(µ�)

⇤e↵ (min)

ci [TeV]

ma = 0 MeV ma = 200 MeV

[kD + kd]12 2.9 · 108 3.0 · 108

c̃GG
(⇤) 43 39

cauu 1.5 2.0

cadd + cass 15 9

cadd � cass
(⇤⇤) 8 4

cvdd � cvss
(⇤⇤) 23 22

Table 4.1: 90% CL lower bounds on the e↵ective scale ⇤e↵

ci ⌘ f/|ci| of the ALP

couplings ci at the scale µ� for the cases ma = 0 and ma = 200 MeV, derived

using the 90% C.L. values on K ! ⇡X provided by NA62 [69] as explained in the

main text. These bounds are independent of the specific UV structure of the ALP

couplings. The bounds for couplings denoted by (⇤) depend on the value of g✓
8
, while

those for couplings denoted with (⇤⇤) depend on g0
8
. Here we set g✓

8
= g0

8
= 0.

�
�
2.7� 0.4 "(2)

�
(cadd + cass) + 2.31 (cadd � cass)

+ 0.54 (cvdd � cvss)
⇤
, (4.6)

iA
G

3/2
27

LO
=

G3/2
27

F 2

⇡ m
2

K

2f

⇥ �
0.9 + 30.2 "(2)

�
c̃GG +

�
1.4� 15.1 "(2)

�
cauu

�
�
1.4 + 15.1 "(2)

�
(cadd + cass)� 0.46 (cadd � cass)

+ 0.54 (cvdd � cvss)
⇤
.

In these expressions, all ALP couplings are evaluated at the scale µ� = 1.6 GeV

in the MS scheme. The full amplitude can be easily obtained by adding up the

contributions in (4.3)-(4.6).

The measurement posing the strongest bounds on the magnitude of the e↵ective

couplings |ci|/f appearing in the amplitude (or, equivalently, on the e↵ective scale

⇤e↵

ci ⌘ f/|ci|) is the NA62 constraint on the branching ratio for the decay K+
!

⇡+X, where X is a scalar or pseudoscalar particle decaying to invisibles and/or

outside the detector. For mX 2 [0, 110] MeV, NA62 obtains upper limits B(K+
!

⇡+X) < 3 � 6 ⇥ 10�11 (90% CL). For mX 2 [160, 260] MeV the bound tightens

to B(K+
! ⇡+X) < 1 ⇥ 10�11 (90% CL). We can express these limits as upper

bounds on the absolute value of the amplitude |A(K ! ⇡X)| and use them to derive

lower bounds on the e↵ective scales ⇤e↵

ci by switching on one coupling at a time. In

Table 4.1 we report these bounds for two representative cases, ma = 0 MeV and

ma = 200 MeV, obtained setting g✓
8
= g0

8
= 0. Due to the amplitude depending

on the unknown low-energy couplings g✓
8
and g0

8
, we make assumptions about their

– 40 –

Cornella, Galda, MN, Wyler (2023)

[NA62:[2103.15389]
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Bounds on ALP couplings

Interesting search channel  

• NA62 experimental limits on  
imply bounds on ALP couplings (one at a 
time), which we express in the form of 
parameters  

• New-physics scales probed range from few 
to tens of TeV 

• Strong bounds on flavor-changing ALP 
couplings call for a flavor symmetry, else:

K− → π−a

K− → π−X

Λeff
ci

= f/ |ci |

17
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ci ⌘ f/|ci| of the ALP

couplings ci at the scale µ� for the cases ma = 0 and ma = 200 MeV, derived

using the 90% C.L. values on K ! ⇡X provided by NA62 [69] as explained in the

main text. These bounds are independent of the specific UV structure of the ALP

couplings. The bounds for couplings denoted by (⇤) depend on the value of g✓
8
, while

those for couplings denoted with (⇤⇤) depend on g0
8
. Here we set g✓

8
= g0

8
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In these expressions, all ALP couplings are evaluated at the scale µ� = 1.6 GeV

in the MS scheme. The full amplitude can be easily obtained by adding up the

contributions in (4.3)-(4.6).

The measurement posing the strongest bounds on the magnitude of the e↵ective

couplings |ci|/f appearing in the amplitude (or, equivalently, on the e↵ective scale

⇤e↵

ci ⌘ f/|ci|) is the NA62 constraint on the branching ratio for the decay K+
!

⇡+X, where X is a scalar or pseudoscalar particle decaying to invisibles and/or

outside the detector. For mX 2 [0, 110] MeV, NA62 obtains upper limits B(K+
!

⇡+X) < 3 � 6 ⇥ 10�11 (90% CL). For mX 2 [160, 260] MeV the bound tightens

to B(K+
! ⇡+X) < 1 ⇥ 10�11 (90% CL). We can express these limits as upper

bounds on the absolute value of the amplitude |A(K ! ⇡X)| and use them to derive

lower bounds on the e↵ective scales ⇤e↵

ci by switching on one coupling at a time. In

Table 4.1 we report these bounds for two representative cases, ma = 0 MeV and

ma = 200 MeV, obtained setting g✓
8
= g0

8
= 0. Due to the amplitude depending

on the unknown low-energy couplings g✓
8
and g0

8
, we make assumptions about their

– 40 –

[NA62:[2103.15389]

fa ⇠ f > 30 · 1010 GeV
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Gorghetto, Hardy, Villadoro (2021)

Cosmological upper bound:
fa . 1010 GeV (KSVZ)
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2 · 109 GeV (DFSZ)
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Bounds on ALP couplings

• Large flavor-changing ALP couplings can be 
avoided by assuming a flavor-universal ALP 
at the UV scale   

• Still, at low energies flavor-changing 
couplings are generated by RG effects 

• Obtained strong bounds on the ALP 
couplings to gluons, W-bosons and quarks 
are the best particle-physics bounds in the 
mass range below 340 MeV

Λ = 4πf

18

ci(⇤)

⇤e↵ (min)

ci [TeV]

ma = 0 MeV ma = 200 MeV

c̃GG(⇤)(⇤) 49 98

c̃WW (⇤) 2.5 6

c̃BB(⇤) 0.02 0.03

c̃u(⇤) 1.8 · 103 4.0 · 103

c̃d(⇤) 50 80

Table 4.2: 90% CL lower bounds on the e↵ective scale ⇤e↵

ci ⌘ f/|ci| of the ALP

couplings ci at the high scale ⇤ in the flavor universal limit for the cases ma = 0 and

ma = 200 MeV. These bounds are derived by setting ⇤ = 4⇡f with f = 1 TeV. We

used the 90% C.L. values provided by NA62 [69] for the experimental limits. The

bounds reported here are derived assuming g✓
8
= 0. A di↵erent choice would a↵ect

the bound on c̃GG(⇤), which we therefore mark with (⇤).

ALP can be written as

iAuniv = �10�11GeV


1TeV

f

� ⇥
(2.4± 1.0) c̃GG(⇤)

+ (9.37± 0.02) · 10�2c̃WW (⇤)

+ (0.57± 0.02) · 10�3c̃BB(⇤)

� (68± 1) c̃u(⇤)� (2.5± 1.0) c̃d(⇤)
⇤
.

(4.13)

where we expressed everything explicitly in terms of the physical ALP couplings.

Interestingly, the amplitude is sensitive to five out of the six physical parameters

characterizing the flavor universal scenario. Although this expression is valid for

ma = 0, the coe�cients vary less than 10% across the entire allowed mass range. The

values for g8, g
1/2
27

, and g3/2
27

used in this equation are those provided in (2.50). We

have omitted the uncertainties associated with these values, as they are consistently

subdominant compared to the arising from the low-energy constants.

As in the previous section, we can use the NA62 constraint on the branching

ratio for the decay K+
! ⇡+X to derive lower bounds on the e↵ective scales ⇤e↵

ci

associated to the five physical couplings appearing in the amplitude. In Table 4.2 we

report these bounds for two representative cases, ma = 0 MeV and ma = 200 MeV,

setting g✓
8
= 0. A graphical representation of these bounds is provided in Figure 4.4,

where we also show how they change when choosing di↵erent values of f (hence

⇤ = 4⇡f) in the running. Overall, all bounds get slightly stronger for larger values

of f . Finally, Figure 4.5 shows how the bound on ⇤e↵

c̃GG
changes for g✓

8
6= 0.

For c̃u(⇤), c̃WW (⇤), and c̃BB(⇤) the dominant contribution to K�
! ⇡�a origi-

– 43 –

f = 1TeV
Cornella, Galda, MN, Wyler (2023)
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Bounds on ALP couplings
Dependence of  on the low-energy 

constant :

Λeff
c̃GG

Gθ
8

19

Figure 4.4: 90% CL lower bounds on the e↵ective scale ⇤e↵

ci ⌘ f/|ci| of the ALP

couplings ci(⇤) for a flavor universal ALP as a function of the scale f (hence of

⇤ = 4⇡f) used in the running. The solid and dashed lines correspond to the case

ma = 0 and ma = 200 MeV, respectively. The bounds shown here are derived for

g✓ = 0. This assumption a↵ects only ⇤e↵

c̃GG
.

Figure 4.5: 90% CL lower bounds on the e↵ective scale ⇤e↵

c̃GG
associated to the ALP

coupling c̃GG(⇤) for a flavor universal ALP as a function of the low-energy constant

g✓
8
and of the scale f (hence of ⇤ = 4⇡f) used in the running.

nates from iAuniv

FV
via the RG-induced ALP coupling to strange and down quarks as

per (4.10). As demonstrated in the previous section, this contribution can be accu-

rately determined at NLO in the chiral expansion. Consequently, the constraints on

these couplings are solely dictated by the size of their contribution to the amplitude.

– 44 –

g✓ 8
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Figure 4.4: 90% CL lower bounds on the e↵ective scale ⇤e↵
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couplings ci(⇤) for a flavor universal ALP as a function of the scale f (hence of

⇤ = 4⇡f) used in the running. The solid and dashed lines correspond to the case

ma = 0 and ma = 200 MeV, respectively. The bounds shown here are derived for

g✓ = 0. This assumption a↵ects only ⇤e↵

c̃GG
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Figure 4.5: 90% CL lower bounds on the e↵ective scale ⇤e↵

c̃GG
associated to the ALP

coupling c̃GG(⇤) for a flavor universal ALP as a function of the low-energy constant
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8
and of the scale f (hence of ⇤ = 4⇡f) used in the running.

nates from iAuniv
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via the RG-induced ALP coupling to strange and down quarks as

per (4.10). As demonstrated in the previous section, this contribution can be accu-

rately determined at NLO in the chiral expansion. Consequently, the constraints on

these couplings are solely dictated by the size of their contribution to the amplitude.
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Conclusions

• Axions and axion-like particles belong to a class of well-motivated light BSM particles 
with weak couplings to the Standard Model  

• They are interesting targets for searches in high-energy physics, using collider, flavor, 
and precision probes 

• Rare meson decays have been discussed in detail, with the process  
provides the strongest particle-physics bounds (for ma < 340 MeV) on almost all ALP 
couplings to the SM

K− → π−a

20

Thank you!


