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Strong CP problem and QCD axion
• The unknown of the SM: CP phase in the strong sector


• Neutron EDM ( ) tells 


• We expect  because CP is violated in the SM. 
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Axion:  mass, dark matter
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• Standard axion mass 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Figure 15: Current constraints for the axion photon coupling ga“ versus axion mass ma.
Revised from [38]. See text for details.

- CAST
CAST is an helioscope, searching from axions/ALPs with photon-coupling produced
in the sun through Primako� conversion of plasma photons in the electrostatic field
of a charged particles.

The most e�cient way to detect solar axion is through their reconversion into photons
in the presence of a static electromagnetic field (normally magnetic dipole field) [158].
Reconverted photons are then detected by using low background X-ray devices. The
achievable sensitivity in terms of the axion photon coupling constant is proportional
to

sens(ga““) Ã
b1/8

B1/2L1/2A1/4t1/8 (8.1)

where L is the length of the magnetic field of amplitude B, A is the area of the useful
bore, b the background rate and t the integration time. Large volume magnets are
then a primary ingredient for such a research.

By using a prototype LHC dipole magnet with 9 T magnetic field ove a 9.3 m length,
CAST for the first time was able to explore solar axion in the QCD model range, at
least in the mass region 0.1 - 1 eV. To maximize observing e�ciency, the magnet was
supported by a structure capable to track the sun for a fraction of the day. The last
CAST result [163] set the current best limit on the axion-photon coupling strength

– 67 –

• fa >100GeV, axion is long-lived,  
excluded by astrophysics(cooling)  
and beam-dump experiment
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• If high fa=109-1013 GeV,  
axion can be cold dark matter  DM
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Possibility of Heavy QCD Axion

5

• In non-minial models, axion heavier than “standard mass”  
[ma is a free parameter]

m2
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0 + m2
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f 2a
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Figure 11. Left panel: Present bounds on the parameter space of the GG̃ coupled-ALP benchmark, as
a function of the ALP mass, ma, and of its decay constant, Fa. Right panel: Present and future bounds
on the parameter space. In gray, we present the present bound (as shown in the left panel); in red and
purple we present the future bounds at KOTO (4“ proposed search), and at NA62 (fi+ +2“ signature),
respectively. The bands for the Kaon experiments (E949, NA62, KOTO) show the uncertainties from
the quark mass values. See the main text for the discussion.

5.2.2 KOTO sensitivity and comparison with other experiments

In Fig. 11, we show the current bounds (left panel) and future reach (right panel) on the
parameter space of this simplified model. We compare the bound from the KOTO experiment
to the bounds from other Kaon experiments, as well as other present and future accelerator
experiments. The discussion for the bounds and projections is almost parallel to Sec. 5.1.2 for
the SU(2)-coupled ALP simplified model. The most relevant di�erences arise for LEP, beam-
dump experiments, the GlueX experiment, and PIBETA experiment, which we comment in
the following.

• LEP
The GG̃ coupled ALP does not have a coupling to Z“ unlike the SU(2) coupled ALP.
Still LEP set a constraint on this benchmark model through the process e

+
e

≠
æ “

ú
æ

“a where the di-photon from the ALP decay is collimated and seen as a single photon.
In [89], the bound on the aF F̃ operator was derived from the OPAL inclusive 2“ search
[90]. We show this bound in dark green in the left panel of Fig. 11.

• Proton and electron beam dump experiments
In the proton beam dump experiments, the GG̃ coupled ALP can be produced through
the meson mixings and decay by the e�ective photon coupling. The bound was studied in
Ref. [91] using the CHARM result [92]. In our figure, we also include the bound from the
electron beam dump experiments, E141 and E137, where the induced photon coupling

– 25 –
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Possibility of Heavy QCD Axion

• Many ALPs[axion-like-particles] just have  coupling. 
But the heavy QCD axion has completely different pheno 
especially for   due to hadronic decays
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4. measurements on processes driven by the s æ d penguin diagram, as K±
æ fi±““ [332]

and KL æ fi0““ [333], are used to recast limits on ALPs.

For cases 2) and 3) listed above, at one loop, the agg vertex generates an axial-vector
att coupling [334] which enhances the rate for B æ K(ú)a decays [30, 335–337]. Following
Ref. [325] the UV-dependent factor contained in the loop, ¥ [log�2

UV/m2
t ± O(1)], is

approximated to unity (which corresponds to a UV scale ≥ TeV).

Figure 41: Current bounds (as coloured filled areas) and the prospects for PBC projects
(solid lines) both on 5- (FASER) and 10-15 year (CODEX-b, MATHUSLA200, FASER2)
timescale. The CHARM gray filled area has been computed by F. Kling, recasting the search
for long-lived particles decaying to two photons performed at CHARM [195]. Other coloured
filled areas are kindly provided by Mike Williams and revisited from Ref. [325]. The gray
areas depend on UV completion and the results shown assume ¥ [log�2

UV/m2
t ± O(1)] ∆ 1.

The CODEX-b curve has been obtained considering B-decays only, hence it is conservative.
Both NA62++ and SHiP are sensitive to this benchmark case too, the curves are currently
being compiled.
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Experimental status of Heavy QCD Axion
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FIG. 2: Shaded: constraints on the ALP parameter space
from existing collider searches at LEP [64] and the LHC [32,
43, 44, 46] (see text for our rescaling of the CMS dijet
bound [32]), and from the bound derived in this work us-
ing the data in [8–10]. Lines: our LHC sensitivities at 8 and
14 TeV.

the other LEP limits in [65–67] are not relevant for our
choice of the anomalies. The limit from the boosted di-
jet search of CMS [32] is the strongest one between 50
and 65 GeV, while above 65 GeV the ATLAS [43] and
CMS [46] diphoton searches take over.

The LHC has the potential to probe values of fa much
larger than 1 TeV, as shown by the sensitivities lines in
Fig. 2. The solid line is obtained from Eq. (6) combin-
ing both 8 TeV and 7 TeV data with the finer possible
binning. The dashed and dotted lines are the projected
sensitivities respectively at LHC14 and HL-LHC, from 8
TeV and 7 TeV data, based on Eq. (7). Notice that the
HL-LHC projection is stronger than the future ILC [68]
and FCC-ee [69] reaches. The latter is expected to probe
BR(Z ! � + jj) . 1 � 5 · 10�7, which correspond to
fa ⇠ 1� 3 TeV if O(1012) Z’s will be produced.

The relative importance of low-mass diphoton bounds
and sensitivities with respect to the other existing
searches is robust with respect to choosing di↵erent val-
ues of the anomalies c1,2,3, as long as c3 6= 0. For
c1,2 & 4c3, our conservative low-mass diphoton limit even
overcomes the dijet exclusions between 50 and 65 GeV,
while still doing largely better than LEP.

Other processes that could be relevant for an ALP
with couplings as in Eq. (1) and mass above 10 GeV,
like Z ! 3� at LEP (see e.g. [56, 70] for recent stud-
ies of this and other signatures), set limits that are too
weak to even appear on the parameter space presented
in Fig. 2. Analogously, the sensitivity of ALP searches in
heavy ion collisions estimated in [71] is sizeably weaker

than our conservative bounds. The obvious reason is the
generic suppression of the photon width compared to the
gluon one by (↵em/↵s)2. If Higgs decays to ALP pairs
were allowed by the UV charge assignments, then the
related constraints [72–74] would apply. Their relative
importance would be model dependent but in any case
they would typically not probe fa values beyond a TeV,
see [21] for more details.
As an exercise to conclude this section, we comment

on the ALP interpretation of the excesses recently re-
ported (both at 2.9� local) by CMS in diphoton [46] and
dijet [32] searches, at invariant masses of 95 and 115 GeV
respectively. The ALP parameters that would fit each of
them are

fa
c�

' 470 GeV

s
50 fb

�sign
��

, c3 . 2 · c� , (9)

for the 95 GeV �� excess, and

fa
c3

' 310 GeV

s
300 pb

�sign
gg

, c� . 0.8 · c3 , (10)

for the 115 GeV jj one. �sign
��,gg

are the theoretical sig-
nal cross sections of the excesses, whose normalization is
chosen as follows. For the 95 GeV �� excess we use the
expected sensitivity at that mass as reported in Ref. [46],
for the 115 GeV jj we use the analogous sensitivity re-
ported in [32] for a Z 0, and rescale it to an ALP produced
in gluon fusion using Eq. (3). Dijet bounds [32] on the
95 GeV �� excess [46], and diphoton bounds [43] on the
115 GeV jj excess [32], give the second inequalities in
Eqs. (9) and (10) respectively.
Eqs. (9) and (10) allow to conclude that either of the

two excesses, if coming from an ALP, could be interpreted
in terms of reasonable values of fa and of the ABJ anoma-
lies. Such an ALP could be the first sign of a NP scale
not too far from a TeV, still allowing the rest of the new
states to be at MNP ⇠ 4⇡fa and hence out of the current
LHC reach.

VII. CONCLUSIONS

Theoretical frameworks such as Supersymmetry and
Compositeness predict, on general grounds, the existence
of pNGBs (ALPs) with couplings of relevance for collid-
ers. Similar ALPs have also received much attention as
mediators of Dark Matter interactions with the SM. The
current experimental searches for these particles, how-
ever, still contain holes. In particular huge (> 104 pb)
gluon fusion cross sections at the LHC, for ALP masses
below 65 GeV, are allowed by all existing constraints.
In this paper, we used public data from inclusive dipho-

ton cross section measurements at the LHC [8–10] to put
a new bound on diphoton resonances between 10 and 65
GeV. We showed how this bound sets the by-far strongest
existing constraint on the parameter space of ALPs that
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TeV and 7 TeV data, based on Eq. (7). Notice that the
HL-LHC projection is stronger than the future ILC [68]
and FCC-ee [69] reaches. The latter is expected to probe
BR(Z ! � + jj) . 1 � 5 · 10�7, which correspond to
fa ⇠ 1� 3 TeV if O(1012) Z’s will be produced.

The relative importance of low-mass diphoton bounds
and sensitivities with respect to the other existing
searches is robust with respect to choosing di↵erent val-
ues of the anomalies c1,2,3, as long as c3 6= 0. For
c1,2 & 4c3, our conservative low-mass diphoton limit even
overcomes the dijet exclusions between 50 and 65 GeV,
while still doing largely better than LEP.

Other processes that could be relevant for an ALP
with couplings as in Eq. (1) and mass above 10 GeV,
like Z ! 3� at LEP (see e.g. [56, 70] for recent stud-
ies of this and other signatures), set limits that are too
weak to even appear on the parameter space presented
in Fig. 2. Analogously, the sensitivity of ALP searches in
heavy ion collisions estimated in [71] is sizeably weaker

than our conservative bounds. The obvious reason is the
generic suppression of the photon width compared to the
gluon one by (↵em/↵s)2. If Higgs decays to ALP pairs
were allowed by the UV charge assignments, then the
related constraints [72–74] would apply. Their relative
importance would be model dependent but in any case
they would typically not probe fa values beyond a TeV,
see [21] for more details.
As an exercise to conclude this section, we comment

on the ALP interpretation of the excesses recently re-
ported (both at 2.9� local) by CMS in diphoton [46] and
dijet [32] searches, at invariant masses of 95 and 115 GeV
respectively. The ALP parameters that would fit each of
them are

fa
c�

' 470 GeV

s
50 fb

�sign
��

, c3 . 2 · c� , (9)

for the 95 GeV �� excess, and

fa
c3

' 310 GeV

s
300 pb

�sign
gg

, c� . 0.8 · c3 , (10)

for the 115 GeV jj one. �sign
��,gg

are the theoretical sig-
nal cross sections of the excesses, whose normalization is
chosen as follows. For the 95 GeV �� excess we use the
expected sensitivity at that mass as reported in Ref. [46],
for the 115 GeV jj we use the analogous sensitivity re-
ported in [32] for a Z 0, and rescale it to an ALP produced
in gluon fusion using Eq. (3). Dijet bounds [32] on the
95 GeV �� excess [46], and diphoton bounds [43] on the
115 GeV jj excess [32], give the second inequalities in
Eqs. (9) and (10) respectively.
Eqs. (9) and (10) allow to conclude that either of the

two excesses, if coming from an ALP, could be interpreted
in terms of reasonable values of fa and of the ABJ anoma-
lies. Such an ALP could be the first sign of a NP scale
not too far from a TeV, still allowing the rest of the new
states to be at MNP ⇠ 4⇡fa and hence out of the current
LHC reach.

VII. CONCLUSIONS

Theoretical frameworks such as Supersymmetry and
Compositeness predict, on general grounds, the existence
of pNGBs (ALPs) with couplings of relevance for collid-
ers. Similar ALPs have also received much attention as
mediators of Dark Matter interactions with the SM. The
current experimental searches for these particles, how-
ever, still contain holes. In particular huge (> 104 pb)
gluon fusion cross sections at the LHC, for ALP masses
below 65 GeV, are allowed by all existing constraints.
In this paper, we used public data from inclusive dipho-

ton cross section measurements at the LHC [8–10] to put
a new bound on diphoton resonances between 10 and 65
GeV. We showed how this bound sets the by-far strongest
existing constraint on the parameter space of ALPs that
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4. measurements on processes driven by the s æ d penguin diagram, as K±
æ fi±““ [332]

and KL æ fi0““ [333], are used to recast limits on ALPs.

For cases 2) and 3) listed above, at one loop, the agg vertex generates an axial-vector
att coupling [334] which enhances the rate for B æ K(ú)a decays [30, 335–337]. Following
Ref. [325] the UV-dependent factor contained in the loop, ¥ [log�2

UV/m2
t ± O(1)], is

approximated to unity (which corresponds to a UV scale ≥ TeV).

Figure 41: Current bounds (as coloured filled areas) and the prospects for PBC projects
(solid lines) both on 5- (FASER) and 10-15 year (CODEX-b, MATHUSLA200, FASER2)
timescale. The CHARM gray filled area has been computed by F. Kling, recasting the search
for long-lived particles decaying to two photons performed at CHARM [195]. Other coloured
filled areas are kindly provided by Mike Williams and revisited from Ref. [325]. The gray
areas depend on UV completion and the results shown assume ¥ [log�2

UV/m2
t ± O(1)] ∆ 1.

The CODEX-b curve has been obtained considering B-decays only, hence it is conservative.
Both NA62++ and SHiP are sensitive to this benchmark case too, the curves are currently
being compiled.
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FIG. 2: Shaded: constraints on the ALP parameter space
from existing collider searches at LEP [64] and the LHC [32,
43, 44, 46] (see text for our rescaling of the CMS dijet
bound [32]), and from the bound derived in this work us-
ing the data in [8–10]. Lines: our LHC sensitivities at 8 and
14 TeV.

the other LEP limits in [65–67] are not relevant for our
choice of the anomalies. The limit from the boosted di-
jet search of CMS [32] is the strongest one between 50
and 65 GeV, while above 65 GeV the ATLAS [43] and
CMS [46] diphoton searches take over.

The LHC has the potential to probe values of fa much
larger than 1 TeV, as shown by the sensitivities lines in
Fig. 2. The solid line is obtained from Eq. (6) combin-
ing both 8 TeV and 7 TeV data with the finer possible
binning. The dashed and dotted lines are the projected
sensitivities respectively at LHC14 and HL-LHC, from 8
TeV and 7 TeV data, based on Eq. (7). Notice that the
HL-LHC projection is stronger than the future ILC [68]
and FCC-ee [69] reaches. The latter is expected to probe
BR(Z ! � + jj) . 1 � 5 · 10�7, which correspond to
fa ⇠ 1� 3 TeV if O(1012) Z’s will be produced.

The relative importance of low-mass diphoton bounds
and sensitivities with respect to the other existing
searches is robust with respect to choosing di↵erent val-
ues of the anomalies c1,2,3, as long as c3 6= 0. For
c1,2 & 4c3, our conservative low-mass diphoton limit even
overcomes the dijet exclusions between 50 and 65 GeV,
while still doing largely better than LEP.

Other processes that could be relevant for an ALP
with couplings as in Eq. (1) and mass above 10 GeV,
like Z ! 3� at LEP (see e.g. [56, 70] for recent stud-
ies of this and other signatures), set limits that are too
weak to even appear on the parameter space presented
in Fig. 2. Analogously, the sensitivity of ALP searches in
heavy ion collisions estimated in [71] is sizeably weaker

than our conservative bounds. The obvious reason is the
generic suppression of the photon width compared to the
gluon one by (↵em/↵s)2. If Higgs decays to ALP pairs
were allowed by the UV charge assignments, then the
related constraints [72–74] would apply. Their relative
importance would be model dependent but in any case
they would typically not probe fa values beyond a TeV,
see [21] for more details.
As an exercise to conclude this section, we comment

on the ALP interpretation of the excesses recently re-
ported (both at 2.9� local) by CMS in diphoton [46] and
dijet [32] searches, at invariant masses of 95 and 115 GeV
respectively. The ALP parameters that would fit each of
them are

fa
c�

' 470 GeV

s
50 fb

�sign
��

, c3 . 2 · c� , (9)

for the 95 GeV �� excess, and

fa
c3

' 310 GeV

s
300 pb

�sign
gg

, c� . 0.8 · c3 , (10)

for the 115 GeV jj one. �sign
��,gg

are the theoretical sig-
nal cross sections of the excesses, whose normalization is
chosen as follows. For the 95 GeV �� excess we use the
expected sensitivity at that mass as reported in Ref. [46],
for the 115 GeV jj we use the analogous sensitivity re-
ported in [32] for a Z 0, and rescale it to an ALP produced
in gluon fusion using Eq. (3). Dijet bounds [32] on the
95 GeV �� excess [46], and diphoton bounds [43] on the
115 GeV jj excess [32], give the second inequalities in
Eqs. (9) and (10) respectively.
Eqs. (9) and (10) allow to conclude that either of the

two excesses, if coming from an ALP, could be interpreted
in terms of reasonable values of fa and of the ABJ anoma-
lies. Such an ALP could be the first sign of a NP scale
not too far from a TeV, still allowing the rest of the new
states to be at MNP ⇠ 4⇡fa and hence out of the current
LHC reach.

VII. CONCLUSIONS

Theoretical frameworks such as Supersymmetry and
Compositeness predict, on general grounds, the existence
of pNGBs (ALPs) with couplings of relevance for collid-
ers. Similar ALPs have also received much attention as
mediators of Dark Matter interactions with the SM. The
current experimental searches for these particles, how-
ever, still contain holes. In particular huge (> 104 pb)
gluon fusion cross sections at the LHC, for ALP masses
below 65 GeV, are allowed by all existing constraints.
In this paper, we used public data from inclusive dipho-

ton cross section measurements at the LHC [8–10] to put
a new bound on diphoton resonances between 10 and 65
GeV. We showed how this bound sets the by-far strongest
existing constraint on the parameter space of ALPs that
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4. measurements on processes driven by the s æ d penguin diagram, as K±
æ fi±““ [332]

and KL æ fi0““ [333], are used to recast limits on ALPs.

For cases 2) and 3) listed above, at one loop, the agg vertex generates an axial-vector
att coupling [334] which enhances the rate for B æ K(ú)a decays [30, 335–337]. Following
Ref. [325] the UV-dependent factor contained in the loop, ¥ [log�2

UV/m2
t ± O(1)], is

approximated to unity (which corresponds to a UV scale ≥ TeV).

Figure 41: Current bounds (as coloured filled areas) and the prospects for PBC projects
(solid lines) both on 5- (FASER) and 10-15 year (CODEX-b, MATHUSLA200, FASER2)
timescale. The CHARM gray filled area has been computed by F. Kling, recasting the search
for long-lived particles decaying to two photons performed at CHARM [195]. Other coloured
filled areas are kindly provided by Mike Williams and revisited from Ref. [325]. The gray
areas depend on UV completion and the results shown assume ¥ [log�2

UV/m2
t ± O(1)] ∆ 1.

The CODEX-b curve has been obtained considering B-decays only, hence it is conservative.
Both NA62++ and SHiP are sensitive to this benchmark case too, the curves are currently
being compiled.
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FIG. 2: Shaded: constraints on the ALP parameter space
from existing collider searches at LEP [64] and the LHC [32,
43, 44, 46] (see text for our rescaling of the CMS dijet
bound [32]), and from the bound derived in this work us-
ing the data in [8–10]. Lines: our LHC sensitivities at 8 and
14 TeV.

the other LEP limits in [65–67] are not relevant for our
choice of the anomalies. The limit from the boosted di-
jet search of CMS [32] is the strongest one between 50
and 65 GeV, while above 65 GeV the ATLAS [43] and
CMS [46] diphoton searches take over.

The LHC has the potential to probe values of fa much
larger than 1 TeV, as shown by the sensitivities lines in
Fig. 2. The solid line is obtained from Eq. (6) combin-
ing both 8 TeV and 7 TeV data with the finer possible
binning. The dashed and dotted lines are the projected
sensitivities respectively at LHC14 and HL-LHC, from 8
TeV and 7 TeV data, based on Eq. (7). Notice that the
HL-LHC projection is stronger than the future ILC [68]
and FCC-ee [69] reaches. The latter is expected to probe
BR(Z ! � + jj) . 1 � 5 · 10�7, which correspond to
fa ⇠ 1� 3 TeV if O(1012) Z’s will be produced.

The relative importance of low-mass diphoton bounds
and sensitivities with respect to the other existing
searches is robust with respect to choosing di↵erent val-
ues of the anomalies c1,2,3, as long as c3 6= 0. For
c1,2 & 4c3, our conservative low-mass diphoton limit even
overcomes the dijet exclusions between 50 and 65 GeV,
while still doing largely better than LEP.

Other processes that could be relevant for an ALP
with couplings as in Eq. (1) and mass above 10 GeV,
like Z ! 3� at LEP (see e.g. [56, 70] for recent stud-
ies of this and other signatures), set limits that are too
weak to even appear on the parameter space presented
in Fig. 2. Analogously, the sensitivity of ALP searches in
heavy ion collisions estimated in [71] is sizeably weaker

than our conservative bounds. The obvious reason is the
generic suppression of the photon width compared to the
gluon one by (↵em/↵s)2. If Higgs decays to ALP pairs
were allowed by the UV charge assignments, then the
related constraints [72–74] would apply. Their relative
importance would be model dependent but in any case
they would typically not probe fa values beyond a TeV,
see [21] for more details.
As an exercise to conclude this section, we comment

on the ALP interpretation of the excesses recently re-
ported (both at 2.9� local) by CMS in diphoton [46] and
dijet [32] searches, at invariant masses of 95 and 115 GeV
respectively. The ALP parameters that would fit each of
them are

fa
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' 470 GeV

s
50 fb

�sign
��

, c3 . 2 · c� , (9)

for the 95 GeV �� excess, and

fa
c3

' 310 GeV

s
300 pb

�sign
gg

, c� . 0.8 · c3 , (10)

for the 115 GeV jj one. �sign
��,gg

are the theoretical sig-
nal cross sections of the excesses, whose normalization is
chosen as follows. For the 95 GeV �� excess we use the
expected sensitivity at that mass as reported in Ref. [46],
for the 115 GeV jj we use the analogous sensitivity re-
ported in [32] for a Z 0, and rescale it to an ALP produced
in gluon fusion using Eq. (3). Dijet bounds [32] on the
95 GeV �� excess [46], and diphoton bounds [43] on the
115 GeV jj excess [32], give the second inequalities in
Eqs. (9) and (10) respectively.
Eqs. (9) and (10) allow to conclude that either of the

two excesses, if coming from an ALP, could be interpreted
in terms of reasonable values of fa and of the ABJ anoma-
lies. Such an ALP could be the first sign of a NP scale
not too far from a TeV, still allowing the rest of the new
states to be at MNP ⇠ 4⇡fa and hence out of the current
LHC reach.

VII. CONCLUSIONS

Theoretical frameworks such as Supersymmetry and
Compositeness predict, on general grounds, the existence
of pNGBs (ALPs) with couplings of relevance for collid-
ers. Similar ALPs have also received much attention as
mediators of Dark Matter interactions with the SM. The
current experimental searches for these particles, how-
ever, still contain holes. In particular huge (> 104 pb)
gluon fusion cross sections at the LHC, for ALP masses
below 65 GeV, are allowed by all existing constraints.
In this paper, we used public data from inclusive dipho-

ton cross section measurements at the LHC [8–10] to put
a new bound on diphoton resonances between 10 and 65
GeV. We showed how this bound sets the by-far strongest
existing constraint on the parameter space of ALPs that
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4. measurements on processes driven by the s æ d penguin diagram, as K±
æ fi±““ [332]

and KL æ fi0““ [333], are used to recast limits on ALPs.

For cases 2) and 3) listed above, at one loop, the agg vertex generates an axial-vector
att coupling [334] which enhances the rate for B æ K(ú)a decays [30, 335–337]. Following
Ref. [325] the UV-dependent factor contained in the loop, ¥ [log�2

UV/m2
t ± O(1)], is

approximated to unity (which corresponds to a UV scale ≥ TeV).

Figure 41: Current bounds (as coloured filled areas) and the prospects for PBC projects
(solid lines) both on 5- (FASER) and 10-15 year (CODEX-b, MATHUSLA200, FASER2)
timescale. The CHARM gray filled area has been computed by F. Kling, recasting the search
for long-lived particles decaying to two photons performed at CHARM [195]. Other coloured
filled areas are kindly provided by Mike Williams and revisited from Ref. [325]. The gray
areas depend on UV completion and the results shown assume ¥ [log�2

UV/m2
t ± O(1)] ∆ 1.

The CODEX-b curve has been obtained considering B-decays only, hence it is conservative.
Both NA62++ and SHiP are sensitive to this benchmark case too, the curves are currently
being compiled.
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FIG. 2: Shaded: constraints on the ALP parameter space
from existing collider searches at LEP [64] and the LHC [32,
43, 44, 46] (see text for our rescaling of the CMS dijet
bound [32]), and from the bound derived in this work us-
ing the data in [8–10]. Lines: our LHC sensitivities at 8 and
14 TeV.

the other LEP limits in [65–67] are not relevant for our
choice of the anomalies. The limit from the boosted di-
jet search of CMS [32] is the strongest one between 50
and 65 GeV, while above 65 GeV the ATLAS [43] and
CMS [46] diphoton searches take over.

The LHC has the potential to probe values of fa much
larger than 1 TeV, as shown by the sensitivities lines in
Fig. 2. The solid line is obtained from Eq. (6) combin-
ing both 8 TeV and 7 TeV data with the finer possible
binning. The dashed and dotted lines are the projected
sensitivities respectively at LHC14 and HL-LHC, from 8
TeV and 7 TeV data, based on Eq. (7). Notice that the
HL-LHC projection is stronger than the future ILC [68]
and FCC-ee [69] reaches. The latter is expected to probe
BR(Z ! � + jj) . 1 � 5 · 10�7, which correspond to
fa ⇠ 1� 3 TeV if O(1012) Z’s will be produced.

The relative importance of low-mass diphoton bounds
and sensitivities with respect to the other existing
searches is robust with respect to choosing di↵erent val-
ues of the anomalies c1,2,3, as long as c3 6= 0. For
c1,2 & 4c3, our conservative low-mass diphoton limit even
overcomes the dijet exclusions between 50 and 65 GeV,
while still doing largely better than LEP.

Other processes that could be relevant for an ALP
with couplings as in Eq. (1) and mass above 10 GeV,
like Z ! 3� at LEP (see e.g. [56, 70] for recent stud-
ies of this and other signatures), set limits that are too
weak to even appear on the parameter space presented
in Fig. 2. Analogously, the sensitivity of ALP searches in
heavy ion collisions estimated in [71] is sizeably weaker

than our conservative bounds. The obvious reason is the
generic suppression of the photon width compared to the
gluon one by (↵em/↵s)2. If Higgs decays to ALP pairs
were allowed by the UV charge assignments, then the
related constraints [72–74] would apply. Their relative
importance would be model dependent but in any case
they would typically not probe fa values beyond a TeV,
see [21] for more details.
As an exercise to conclude this section, we comment

on the ALP interpretation of the excesses recently re-
ported (both at 2.9� local) by CMS in diphoton [46] and
dijet [32] searches, at invariant masses of 95 and 115 GeV
respectively. The ALP parameters that would fit each of
them are
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for the 95 GeV �� excess, and
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, c� . 0.8 · c3 , (10)

for the 115 GeV jj one. �sign
��,gg

are the theoretical sig-
nal cross sections of the excesses, whose normalization is
chosen as follows. For the 95 GeV �� excess we use the
expected sensitivity at that mass as reported in Ref. [46],
for the 115 GeV jj we use the analogous sensitivity re-
ported in [32] for a Z 0, and rescale it to an ALP produced
in gluon fusion using Eq. (3). Dijet bounds [32] on the
95 GeV �� excess [46], and diphoton bounds [43] on the
115 GeV jj excess [32], give the second inequalities in
Eqs. (9) and (10) respectively.
Eqs. (9) and (10) allow to conclude that either of the

two excesses, if coming from an ALP, could be interpreted
in terms of reasonable values of fa and of the ABJ anoma-
lies. Such an ALP could be the first sign of a NP scale
not too far from a TeV, still allowing the rest of the new
states to be at MNP ⇠ 4⇡fa and hence out of the current
LHC reach.
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Theoretical frameworks such as Supersymmetry and
Compositeness predict, on general grounds, the existence
of pNGBs (ALPs) with couplings of relevance for collid-
ers. Similar ALPs have also received much attention as
mediators of Dark Matter interactions with the SM. The
current experimental searches for these particles, how-
ever, still contain holes. In particular huge (> 104 pb)
gluon fusion cross sections at the LHC, for ALP masses
below 65 GeV, are allowed by all existing constraints.
In this paper, we used public data from inclusive dipho-

ton cross section measurements at the LHC [8–10] to put
a new bound on diphoton resonances between 10 and 65
GeV. We showed how this bound sets the by-far strongest
existing constraint on the parameter space of ALPs that
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Two-loop calculation from the EFT
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b <latexit sha1_base64="X4U4WMYRx1K64Yv63/VUOxW7lR0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo2ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A3PWM8Q==</latexit>s
<latexit sha1_base64="8HxVaC4H4eAfwC7w9Ymdvl95Bj8=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqObR4LGPdDZgBKRS0UKCEbqKBRYGETjC5m/udJ9BGxOoBpwn4ERspEQrO0EpNHJQrbtVdgK4TLycVkqMxKH/1hzFPI1DIJTOm57kJ+hnTKLiEWamfGkgYn7AR9CxVLALjZ4tDZ/TCKkMaxtqWQrpQf09kLDJmGgW2M2I4NqveXPzP66UY1vxMqCRFUHy5KEwlxZjOv6ZDoYGjnFrCuBb2VsrHTDOONpuSDcFbfXmdtK+q3k3VbV5X6rU8jiI5I+fkknjkltTJPWmQFuEEyDN5JW/Oo/PivDsfy9aCk8+ckj9wPn8A3nmM8g==</latexit>

t

<latexit sha1_base64="+tFwTYQ0kX3USIgksd7JrUlnuTE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m6rbvK7Ua3kcRTiDc7gED26hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBsoWM1Q==</latexit>

W

<latexit sha1_base64="b3acP0jk3PRQLgQnWe9K6DBtpbA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m6rbvK7Ua3kcRTiDc7gED26hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBysWM5Q==</latexit>g <latexit sha1_base64="nnLUthxxljoAQ5KBxi/P33sd5uc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo2ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Awa2M3w==</latexit>a

<latexit sha1_base64="+tFwTYQ0kX3USIgksd7JrUlnuTE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m6rbvK7Ua3kcRTiDc7gED26hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBsoWM1Q==</latexit>

W

<latexit sha1_base64="X4U4WMYRx1K64Yv63/VUOxW7lR0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo2ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A3PWM8Q==</latexit>s
<latexit sha1_base64="39oZsX7YMDk3DuBFEiCn/IoQP6o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTdVtXlfqtTyOIpzBOVyCB7dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AwzGM4A==</latexit>

b
<latexit sha1_base64="8HxVaC4H4eAfwC7w9Ymdvl95Bj8=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqObR4LGPdDZgBKRS0UKCEbqKBRYGETjC5m/udJ9BGxOoBpwn4ERspEQrO0EpNHJQrbtVdgK4TLycVkqMxKH/1hzFPI1DIJTOm57kJ+hnTKLiEWamfGkgYn7AR9CxVLALjZ4tDZ/TCKkMaxtqWQrpQf09kLDJmGgW2M2I4NqveXPzP66UY1vxMqCRFUHy5KEwlxZjOv6ZDoYGjnFrCuBb2VsrHTDOONpuSDcFbfXmdtK+q3k3VbV5X6rU8jiI5I+fkknjkltTJPWmQFuEEyDN5JW/Oo/PivDsfy9aCk8+ckj9wPn8A3nmM8g==</latexit>

t

<latexit sha1_base64="b3acP0jk3PRQLgQnWe9K6DBtpbA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m6rbvK7Ua3kcRTiDc7gED26hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBysWM5Q==</latexit>g <latexit sha1_base64="nnLUthxxljoAQ5KBxi/P33sd5uc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo2ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Awa2M3w==</latexit>a

<latexit sha1_base64="+tFwTYQ0kX3USIgksd7JrUlnuTE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m6rbvK7Ua3kcRTiDc7gED26hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBsoWM1Q==</latexit>

W

<latexit sha1_base64="8HxVaC4H4eAfwC7w9Ymdvl95Bj8=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqObR4LGPdDZgBKRS0UKCEbqKBRYGETjC5m/udJ9BGxOoBpwn4ERspEQrO0EpNHJQrbtVdgK4TLycVkqMxKH/1hzFPI1DIJTOm57kJ+hnTKLiEWamfGkgYn7AR9CxVLALjZ4tDZ/TCKkMaxtqWQrpQf09kLDJmGgW2M2I4NqveXPzP66UY1vxMqCRFUHy5KEwlxZjOv6ZDoYGjnFrCuBb2VsrHTDOONpuSDcFbfXmdtK+q3k3VbV5X6rU8jiI5I+fkknjkltTJPWmQFuEEyDN5JW/Oo/PivDsfy9aCk8+ckj9wPn8A3nmM8g==</latexit>

t
<latexit sha1_base64="39oZsX7YMDk3DuBFEiCn/IoQP6o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTdVtXlfqtTyOIpzBOVyCB7dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AwzGM4A==</latexit>

b <latexit sha1_base64="X4U4WMYRx1K64Yv63/VUOxW7lR0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo2ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A3PWM8Q==</latexit>s

<latexit sha1_base64="b3acP0jk3PRQLgQnWe9K6DBtpbA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m6rbvK7Ua3kcRTiDc7gED26hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBysWM5Q==</latexit>g <latexit sha1_base64="nnLUthxxljoAQ5KBxi/P33sd5uc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo2ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Awa2M3w==</latexit>a <latexit sha1_base64="nnLUthxxljoAQ5KBxi/P33sd5uc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo2ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Awa2M3w==</latexit>a
<latexit sha1_base64="b3acP0jk3PRQLgQnWe9K6DBtpbA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m6rbvK7Ua3kcRTiDc7gED26hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBysWM5Q==</latexit>g

<latexit sha1_base64="+tFwTYQ0kX3USIgksd7JrUlnuTE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m6rbvK7Ua3kcRTiDc7gED26hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBsoWM1Q==</latexit>

W

<latexit sha1_base64="X4U4WMYRx1K64Yv63/VUOxW7lR0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo2ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A3PWM8Q==</latexit>s
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t

Need 2-loop to generate  from aGG

• 1-loop QCD for aqq

• 1-loop with W-boson for flavor changing

b ! sa

Previous order estimate:   
1811.03474, D. Aloni, Y. Soreq, M. Williams

*two-loop is the leading order!

2102.04474 S. Chakraborty,  
M. Kraus, V. Loladze, T. Okui, KT

It’s FCNC but this is the least suppressed production at Belle II. 

spires-search://a%20aloni,%20daniel
spires-search://a%20soreq,%20yotam
spires-search://a%20williams,%20mike


Kohsaku Tobioka, Florida State University 

Two-loop calculation from the EFT
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the axion to be less than 2 times this standard devia-
tion. We estimate the experimental width (smearing)
of the axion as �a ⇠ �⌘0ma/m⌘0 where �⌘0 ⇠ 13.4
MeV is experimental width of ⌘

0 fitted from the Fig.1
(f) of [69].

IV. CONCLUSION

In this letter, we performed the first 2-loop calculation
for the axion production from B ! Ka process starting
from the minimal interaction of the QCD axion, aGG̃

(Eq.1). Assuming the UV scale to be at 1 TeV, the
constraints on the ma-fa parameter space (see Fig. 4)
turns out to be ⇠ 10 times stronger than the previous
estimate [42]. Increasing the UV scale only increases
this di↵erence. The reason for this enhancement is two
fold. Firstly, in [42] the 2-loop amplitude was approx-
imated from a 1-loop matching using an RGE induced
att coupling, which does not reproduce the complete
logarithmic behaviour. Our improved description pro-
vides roughly a factor of five enhancement in the bound.
Secondly, we perform a detailed bin by bin analysis in-
stead of assuming an overall branching fraction. This
makes our bound even more robust by roughly a factor
of two. Therefore, the bounds on the decay constant is
order of 100 GeV using Belle and BaBar measurements
for ⇤UV = 1 TeV. For the future, although there are
many intensive studies for the heavy QCD axion based
on the (near) future data at kaon factories [46], GlueX
[55], LHC with track-trigger [35, 74], DUNE near detec-
tor [75], or beam-dump type facilities (summarized in
Fig.41 of [76]), the B ! Ka process is particularly im-
portant for GeV mass range of the axion. This is because
the GeV axion is not produced at light meson precision
experiments and also because the lifetime is shorter due
to the hadronic decay channels making the beam-dump
experiments less e↵ective. Belle II will be able to cover
the unique parameter space using B ! Ka(! ⌘⇡⇡) as
shown in Fig. 4, and we expect the other channels and
future data of LHCb will further improve the sensitivi-
ties. Also, B ! Ka(! ��) will be another attractive
channel particularly for ma < 3m⇡ ' 450 MeV, which is
not yet studied in B-factories.
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Appendix A: Renormalization Scheme

We start from the EFT Lagrangian:

L = LSM + La +
X

i

CiOi + . . . , (A1)

where La denotes the axion kinetic and potential terms
and the ellipses represent e↵ective operators irrelevant
for the b ! sa phenomenology of our interest, while i 2

{gg, qq, bs} and

Ogg =
1

8⇡

a

fa
G

a
µ⌫G̃

aµ⌫
,

Oqq =
X

q

@µa

fa
q̄�

µ
�5q ,

Obs =
@µa

fa
s̄L�

µ
�5bL + h.c. .

(A2)

However, we will soon be redefining Oqq and Obs below in
order to take into account the subtleties of dealing with
�5 in dimensional regularization (DR).
To simplify our calculations, we will neglect terms of

order m
2
b,s,a/M

2
W or higher. This in particular means

that we evaluate the diagrams in Fig. 1 at vanishing
external momenta. The Feynman gauge has been used
throughout our calculations and thus the inclusion of an
unphysical Nambu-Goldstone mode accompanying every
W boson is implied in the following discussions. We have
implemented tensor reduction in FORM [77] and used
KIRA [78] to obtain integration-by-parts relations.
We will regulate UV divergences using DR, while we

cut o↵ IR divergences explicitly by introducing fictitious
quark masses. Note that all diagrams in Fig. 1 as well as
all coe�cients in Eq. (7) are O(↵2

s↵w). At this order, the
dependence on the fictitious masses actually cancels out
as the IR theory (6) has no IR divergences even in the
mb,s ! 0 limit at the same order. We have checked this
cancellation explicitly as a validation of our calculations.
The absence of anomalous chiral fermion loops in the

diagrams of Fig. 1 allows us to adopt the following simple
prescription for �5 and ✏

µ⌫⇢�. We first redefine Oqq and
Obs as

Oqq =
i

6

@µa

fa
✏
µ⌫⇢�

X

q

q̄�⌫�⇢��q ,

Obs =
i

6

@µa

fa
✏
µ⌫⇢�

s̄L�⌫�⇢��bL + h.c. ,

(A3)

which is equivalent to their original forms in d = 4 but
we use these new forms in d = 4 � 2✏ because what we
directly obtain from diagrams in Fig. 1 is actually the
product of three � matrices multiplied by the ✏ tensor
from the a-g-g vertex. Therefore, all we need is the total
antisymmetric property of the ✏ tensor, which we assume
as part of the definition of our scheme, and the property
{�5, �

µ
} = 0, which is valid as we have no anomalous

chiral fermion loops. We do not use any explicit form of

*two-loop is the leading order!

2102.04474 S. Chakraborty,  
M. Kraus, V. Loladze, T. Okui, KT

It’s FCNC but this is the least suppressed production at Belle II. 
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Matching to weak-scale EFT @2loop

3

calculation):

µ
dCqq

dµ
= �6CF

✓
↵s

4⇡

◆2
, (4)

µ
dCbs

dµ
=

✓
3CF

✓
↵s

4⇡

◆2
+ Cqq

◆
↵w

4⇡

X

k

⇠kVkbV
⇤
ks . (5)

FIG. 3. C1, C2 and C3 refers to the first, second and third
contribution in CW respectively, for di↵erent UV scales (see
Eq. (7)).

After running down to µ ⇠ MW using Eqs. (4, 5), we
switch to another EFT in which the top quark and W

boson are integrated out. In the limit of mb,s/MW ! 0,
this new EFT contains only one operator relevant for the
b ! sa phenomenology:

Lbsa = CW
@µa

fa
s̄L�

µ
�5bL + h.c. , (6)

where CW is determined by Cqq(µw) and Cbs(µw) with
µw ⇠ MW and the contributions from integrating out t

and W . We find

CW = Cbs(µw) +
↵w

4⇡
Cqq(µw) g(µw) +

1

2

↵w

4⇡

✓
↵s

4⇡

◆2
f(µw) ,

(7)
where g and f are 1- and 2-loop matching functions given
respectively in Eqs. (B7, B6) in Appendix. In the limit
of mb,s/MW ! 0, CW does not run between MW to mb.
This is because in this particular limit, there is no mix-
ing between aGG̃ and flavor changing axial-vector cou-
pling. In Fig. 3 we show the 1st, 2nd, and 3rd terms
of the right-hand-side of Eq. (7) as well as the net CW ,
all as a function of ⇤UV, assuming the initial condition
A = B = 0 in Eq. (3). We observe that Cbs, i.e., the
b-s-a operator dominates the overall CW and interferes
destructively with Cgg, i.e., a-g-g operator. The dom-
inance of Cbs can be explained by the operator mixing
under the RGE evolution; Cbs acquires leading logarith-
mic contributions ⇠ ln(⇤2

UV/M
2
W ) and ⇠ ln2(⇤2

UV/M
2
W )

FIG. 4. We portray the constraints from di↵erent B-decay
measurements in the ma-fa plane. Three curves are drawn for
each constraint corresponding to di↵erent initial conditions
(see Eq.(3)), i.e., the strongest (A = +3, B = �3), weakest
(A = �3, B = +3) and central constraints (A = B = 0). We
choose the UV scale ⇤UV to be 1 and 10 TeV for the top and
the bottom plot, respectively. The grey shaded regions com-
prise bounds from [15, 42, 46, 55–57]. For B ! Ka, we use
[66] for inclusive analsysis and [67–69] for exclusive channels
a ! 3⇡, ⌘⇡⇡,KK⇡,��. For the projection at Belle II, 5⇥1010

B̄B pair is assumed. The right vertical axis is labelled using
the notation of Ref. [42] for comparison.

due to the mixing with a-g-g and a-q-q operators. Since
ln(TeV2

/M
2
W ) ⇡ 5 is a relatively large number, Cbs dic-

tates over others.

The final step is to evaluate the meson level decay B !

aK
(⇤) [62, 70]. We find

�B!Ka =
��CW

��2 m
3
B

64⇡f2
a

✓
1�

m
2
K

m2
B

◆2
�Ka

⇥
f0(m

2
a)
⇤2

, (8)
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the axion to be less than 2 times this standard devia-
tion. We estimate the experimental width (smearing)
of the axion as �a ⇠ �⌘0ma/m⌘0 where �⌘0 ⇠ 13.4
MeV is experimental width of ⌘

0 fitted from the Fig.1
(f) of [69].

IV. CONCLUSION

In this letter, we performed the first 2-loop calculation
for the axion production from B ! Ka process starting
from the minimal interaction of the QCD axion, aGG̃

(Eq.1). Assuming the UV scale to be at 1 TeV, the
constraints on the ma-fa parameter space (see Fig. 4)
turns out to be ⇠ 10 times stronger than the previous
estimate [42]. Increasing the UV scale only increases
this di↵erence. The reason for this enhancement is two
fold. Firstly, in [42] the 2-loop amplitude was approx-
imated from a 1-loop matching using an RGE induced
att coupling, which does not reproduce the complete
logarithmic behaviour. Our improved description pro-
vides roughly a factor of five enhancement in the bound.
Secondly, we perform a detailed bin by bin analysis in-
stead of assuming an overall branching fraction. This
makes our bound even more robust by roughly a factor
of two. Therefore, the bounds on the decay constant is
order of 100 GeV using Belle and BaBar measurements
for ⇤UV = 1 TeV. For the future, although there are
many intensive studies for the heavy QCD axion based
on the (near) future data at kaon factories [46], GlueX
[55], LHC with track-trigger [35, 74], DUNE near detec-
tor [75], or beam-dump type facilities (summarized in
Fig.41 of [76]), the B ! Ka process is particularly im-
portant for GeV mass range of the axion. This is because
the GeV axion is not produced at light meson precision
experiments and also because the lifetime is shorter due
to the hadronic decay channels making the beam-dump
experiments less e↵ective. Belle II will be able to cover
the unique parameter space using B ! Ka(! ⌘⇡⇡) as
shown in Fig. 4, and we expect the other channels and
future data of LHCb will further improve the sensitivi-
ties. Also, B ! Ka(! ��) will be another attractive
channel particularly for ma < 3m⇡ ' 450 MeV, which is
not yet studied in B-factories.
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Appendix A: Renormalization Scheme

We start from the EFT Lagrangian:

L = LSM + La +
X

i

CiOi + . . . , (A1)

where La denotes the axion kinetic and potential terms
and the ellipses represent e↵ective operators irrelevant
for the b ! sa phenomenology of our interest, while i 2

{gg, qq, bs} and

Ogg =
1

8⇡

a

fa
G

a
µ⌫G̃

aµ⌫
,

Oqq =
X

q

@µa

fa
q̄�

µ
�5q ,

Obs =
@µa

fa
s̄L�

µ
�5bL + h.c. .

(A2)

However, we will soon be redefining Oqq and Obs below in
order to take into account the subtleties of dealing with
�5 in dimensional regularization (DR).
To simplify our calculations, we will neglect terms of

order m
2
b,s,a/M

2
W or higher. This in particular means

that we evaluate the diagrams in Fig. 1 at vanishing
external momenta. The Feynman gauge has been used
throughout our calculations and thus the inclusion of an
unphysical Nambu-Goldstone mode accompanying every
W boson is implied in the following discussions. We have
implemented tensor reduction in FORM [77] and used
KIRA [78] to obtain integration-by-parts relations.
We will regulate UV divergences using DR, while we

cut o↵ IR divergences explicitly by introducing fictitious
quark masses. Note that all diagrams in Fig. 1 as well as
all coe�cients in Eq. (7) are O(↵2

s↵w). At this order, the
dependence on the fictitious masses actually cancels out
as the IR theory (6) has no IR divergences even in the
mb,s ! 0 limit at the same order. We have checked this
cancellation explicitly as a validation of our calculations.
The absence of anomalous chiral fermion loops in the

diagrams of Fig. 1 allows us to adopt the following simple
prescription for �5 and ✏

µ⌫⇢�. We first redefine Oqq and
Obs as

Oqq =
i

6

@µa

fa
✏
µ⌫⇢�

X

q

q̄�⌫�⇢��q ,

Obs =
i

6

@µa

fa
✏
µ⌫⇢�

s̄L�⌫�⇢��bL + h.c. ,

(A3)

which is equivalent to their original forms in d = 4 but
we use these new forms in d = 4 � 2✏ because what we
directly obtain from diagrams in Fig. 1 is actually the
product of three � matrices multiplied by the ✏ tensor
from the a-g-g vertex. Therefore, all we need is the total
antisymmetric property of the ✏ tensor, which we assume
as part of the definition of our scheme, and the property
{�5, �

µ
} = 0, which is valid as we have no anomalous

chiral fermion loops. We do not use any explicit form of

*two-loop is the leading order!

2102.04474 S. Chakraborty,  
M. Kraus, V. Loladze, T. Okui, KT

It’s FCNC but this is the least suppressed production at Belle II. 
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Matching to weak-scale EFT @2loop

3

calculation):

µ
dCqq

dµ
= �6CF

✓
↵s

4⇡

◆2
, (4)

µ
dCbs

dµ
=

✓
3CF

✓
↵s

4⇡

◆2
+ Cqq

◆
↵w

4⇡

X

k

⇠kVkbV
⇤
ks . (5)

FIG. 3. C1, C2 and C3 refers to the first, second and third
contribution in CW respectively, for di↵erent UV scales (see
Eq. (7)).

After running down to µ ⇠ MW using Eqs. (4, 5), we
switch to another EFT in which the top quark and W

boson are integrated out. In the limit of mb,s/MW ! 0,
this new EFT contains only one operator relevant for the
b ! sa phenomenology:

Lbsa = CW
@µa

fa
s̄L�

µ
�5bL + h.c. , (6)

where CW is determined by Cqq(µw) and Cbs(µw) with
µw ⇠ MW and the contributions from integrating out t

and W . We find

CW = Cbs(µw) +
↵w

4⇡
Cqq(µw) g(µw) +

1

2

↵w

4⇡

✓
↵s

4⇡

◆2
f(µw) ,

(7)
where g and f are 1- and 2-loop matching functions given
respectively in Eqs. (B7, B6) in Appendix. In the limit
of mb,s/MW ! 0, CW does not run between MW to mb.
This is because in this particular limit, there is no mix-
ing between aGG̃ and flavor changing axial-vector cou-
pling. In Fig. 3 we show the 1st, 2nd, and 3rd terms
of the right-hand-side of Eq. (7) as well as the net CW ,
all as a function of ⇤UV, assuming the initial condition
A = B = 0 in Eq. (3). We observe that Cbs, i.e., the
b-s-a operator dominates the overall CW and interferes
destructively with Cgg, i.e., a-g-g operator. The dom-
inance of Cbs can be explained by the operator mixing
under the RGE evolution; Cbs acquires leading logarith-
mic contributions ⇠ ln(⇤2

UV/M
2
W ) and ⇠ ln2(⇤2

UV/M
2
W )

FIG. 4. We portray the constraints from di↵erent B-decay
measurements in the ma-fa plane. Three curves are drawn for
each constraint corresponding to di↵erent initial conditions
(see Eq.(3)), i.e., the strongest (A = +3, B = �3), weakest
(A = �3, B = +3) and central constraints (A = B = 0). We
choose the UV scale ⇤UV to be 1 and 10 TeV for the top and
the bottom plot, respectively. The grey shaded regions com-
prise bounds from [15, 42, 46, 55–57]. For B ! Ka, we use
[66] for inclusive analsysis and [67–69] for exclusive channels
a ! 3⇡, ⌘⇡⇡,KK⇡,��. For the projection at Belle II, 5⇥1010

B̄B pair is assumed. The right vertical axis is labelled using
the notation of Ref. [42] for comparison.

due to the mixing with a-g-g and a-q-q operators. Since
ln(TeV2
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W ) ⇡ 5 is a relatively large number, Cbs dic-

tates over others.

The final step is to evaluate the meson level decay B !
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the axion to be less than 2 times this standard devia-
tion. We estimate the experimental width (smearing)
of the axion as �a ⇠ �⌘0ma/m⌘0 where �⌘0 ⇠ 13.4
MeV is experimental width of ⌘

0 fitted from the Fig.1
(f) of [69].

IV. CONCLUSION

In this letter, we performed the first 2-loop calculation
for the axion production from B ! Ka process starting
from the minimal interaction of the QCD axion, aGG̃

(Eq.1). Assuming the UV scale to be at 1 TeV, the
constraints on the ma-fa parameter space (see Fig. 4)
turns out to be ⇠ 10 times stronger than the previous
estimate [42]. Increasing the UV scale only increases
this di↵erence. The reason for this enhancement is two
fold. Firstly, in [42] the 2-loop amplitude was approx-
imated from a 1-loop matching using an RGE induced
att coupling, which does not reproduce the complete
logarithmic behaviour. Our improved description pro-
vides roughly a factor of five enhancement in the bound.
Secondly, we perform a detailed bin by bin analysis in-
stead of assuming an overall branching fraction. This
makes our bound even more robust by roughly a factor
of two. Therefore, the bounds on the decay constant is
order of 100 GeV using Belle and BaBar measurements
for ⇤UV = 1 TeV. For the future, although there are
many intensive studies for the heavy QCD axion based
on the (near) future data at kaon factories [46], GlueX
[55], LHC with track-trigger [35, 74], DUNE near detec-
tor [75], or beam-dump type facilities (summarized in
Fig.41 of [76]), the B ! Ka process is particularly im-
portant for GeV mass range of the axion. This is because
the GeV axion is not produced at light meson precision
experiments and also because the lifetime is shorter due
to the hadronic decay channels making the beam-dump
experiments less e↵ective. Belle II will be able to cover
the unique parameter space using B ! Ka(! ⌘⇡⇡) as
shown in Fig. 4, and we expect the other channels and
future data of LHCb will further improve the sensitivi-
ties. Also, B ! Ka(! ��) will be another attractive
channel particularly for ma < 3m⇡ ' 450 MeV, which is
not yet studied in B-factories.
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Appendix A: Renormalization Scheme

We start from the EFT Lagrangian:

L = LSM + La +
X

i

CiOi + . . . , (A1)

where La denotes the axion kinetic and potential terms
and the ellipses represent e↵ective operators irrelevant
for the b ! sa phenomenology of our interest, while i 2

{gg, qq, bs} and

Ogg =
1

8⇡

a

fa
G

a
µ⌫G̃

aµ⌫
,

Oqq =
X

q

@µa

fa
q̄�

µ
�5q ,

Obs =
@µa

fa
s̄L�

µ
�5bL + h.c. .

(A2)

However, we will soon be redefining Oqq and Obs below in
order to take into account the subtleties of dealing with
�5 in dimensional regularization (DR).
To simplify our calculations, we will neglect terms of

order m
2
b,s,a/M

2
W or higher. This in particular means

that we evaluate the diagrams in Fig. 1 at vanishing
external momenta. The Feynman gauge has been used
throughout our calculations and thus the inclusion of an
unphysical Nambu-Goldstone mode accompanying every
W boson is implied in the following discussions. We have
implemented tensor reduction in FORM [77] and used
KIRA [78] to obtain integration-by-parts relations.
We will regulate UV divergences using DR, while we

cut o↵ IR divergences explicitly by introducing fictitious
quark masses. Note that all diagrams in Fig. 1 as well as
all coe�cients in Eq. (7) are O(↵2

s↵w). At this order, the
dependence on the fictitious masses actually cancels out
as the IR theory (6) has no IR divergences even in the
mb,s ! 0 limit at the same order. We have checked this
cancellation explicitly as a validation of our calculations.
The absence of anomalous chiral fermion loops in the

diagrams of Fig. 1 allows us to adopt the following simple
prescription for �5 and ✏

µ⌫⇢�. We first redefine Oqq and
Obs as

Oqq =
i

6

@µa

fa
✏
µ⌫⇢�

X

q

q̄�⌫�⇢��q ,

Obs =
i

6

@µa

fa
✏
µ⌫⇢�

s̄L�⌫�⇢��bL + h.c. ,

(A3)

which is equivalent to their original forms in d = 4 but
we use these new forms in d = 4 � 2✏ because what we
directly obtain from diagrams in Fig. 1 is actually the
product of three � matrices multiplied by the ✏ tensor
from the a-g-g vertex. Therefore, all we need is the total
antisymmetric property of the ✏ tensor, which we assume
as part of the definition of our scheme, and the property
{�5, �

µ
} = 0, which is valid as we have no anomalous

chiral fermion loops. We do not use any explicit form of

*two-loop is the leading order!

2102.04474 S. Chakraborty,  
M. Kraus, V. Loladze, T. Okui, KT

It’s FCNC but this is the least suppressed production at Belle II. 
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Matching to weak-scale EFT @2loop

3

calculation):

µ
dCqq

dµ
= �6CF

✓
↵s

4⇡

◆2
, (4)

µ
dCbs

dµ
=

✓
3CF

✓
↵s

4⇡

◆2
+ Cqq

◆
↵w

4⇡

X

k

⇠kVkbV
⇤
ks . (5)

FIG. 3. C1, C2 and C3 refers to the first, second and third
contribution in CW respectively, for di↵erent UV scales (see
Eq. (7)).

After running down to µ ⇠ MW using Eqs. (4, 5), we
switch to another EFT in which the top quark and W

boson are integrated out. In the limit of mb,s/MW ! 0,
this new EFT contains only one operator relevant for the
b ! sa phenomenology:

Lbsa = CW
@µa

fa
s̄L�

µ
�5bL + h.c. , (6)

where CW is determined by Cqq(µw) and Cbs(µw) with
µw ⇠ MW and the contributions from integrating out t

and W . We find

CW = Cbs(µw) +
↵w

4⇡
Cqq(µw) g(µw) +

1

2

↵w

4⇡

✓
↵s

4⇡

◆2
f(µw) ,

(7)
where g and f are 1- and 2-loop matching functions given
respectively in Eqs. (B7, B6) in Appendix. In the limit
of mb,s/MW ! 0, CW does not run between MW to mb.
This is because in this particular limit, there is no mix-
ing between aGG̃ and flavor changing axial-vector cou-
pling. In Fig. 3 we show the 1st, 2nd, and 3rd terms
of the right-hand-side of Eq. (7) as well as the net CW ,
all as a function of ⇤UV, assuming the initial condition
A = B = 0 in Eq. (3). We observe that Cbs, i.e., the
b-s-a operator dominates the overall CW and interferes
destructively with Cgg, i.e., a-g-g operator. The dom-
inance of Cbs can be explained by the operator mixing
under the RGE evolution; Cbs acquires leading logarith-
mic contributions ⇠ ln(⇤2

UV/M
2
W ) and ⇠ ln2(⇤2

UV/M
2
W )

FIG. 4. We portray the constraints from di↵erent B-decay
measurements in the ma-fa plane. Three curves are drawn for
each constraint corresponding to di↵erent initial conditions
(see Eq.(3)), i.e., the strongest (A = +3, B = �3), weakest
(A = �3, B = +3) and central constraints (A = B = 0). We
choose the UV scale ⇤UV to be 1 and 10 TeV for the top and
the bottom plot, respectively. The grey shaded regions com-
prise bounds from [15, 42, 46, 55–57]. For B ! Ka, we use
[66] for inclusive analsysis and [67–69] for exclusive channels
a ! 3⇡, ⌘⇡⇡,KK⇡,��. For the projection at Belle II, 5⇥1010

B̄B pair is assumed. The right vertical axis is labelled using
the notation of Ref. [42] for comparison.

due to the mixing with a-g-g and a-q-q operators. Since
ln(TeV2

/M
2
W ) ⇡ 5 is a relatively large number, Cbs dic-

tates over others.

The final step is to evaluate the meson level decay B !

aK
(⇤) [62, 70]. We find

�B!Ka =
��CW

��2 m
3
B

64⇡f2
a

✓
1�

m
2
K

m2
B

◆2
�Ka

⇥
f0(m

2
a)
⇤2

, (8)

Two boundary conditions at ΛUV

1. Size of ΛUV   (  )→ require ΛUV >TeV

2. Size of →fix as big as the counter term

> 4#fa
Cqq(*UV), Cbs(*UV)

RGE is essential    CW % "w

4# ( "s

4# )
2

VtbV*ts
m2

t

m2
W

ln[*2
UV/M2

W]
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the axion to be less than 2 times this standard devia-
tion. We estimate the experimental width (smearing)
of the axion as �a ⇠ �⌘0ma/m⌘0 where �⌘0 ⇠ 13.4
MeV is experimental width of ⌘

0 fitted from the Fig.1
(f) of [69].

IV. CONCLUSION

In this letter, we performed the first 2-loop calculation
for the axion production from B ! Ka process starting
from the minimal interaction of the QCD axion, aGG̃

(Eq.1). Assuming the UV scale to be at 1 TeV, the
constraints on the ma-fa parameter space (see Fig. 4)
turns out to be ⇠ 10 times stronger than the previous
estimate [42]. Increasing the UV scale only increases
this di↵erence. The reason for this enhancement is two
fold. Firstly, in [42] the 2-loop amplitude was approx-
imated from a 1-loop matching using an RGE induced
att coupling, which does not reproduce the complete
logarithmic behaviour. Our improved description pro-
vides roughly a factor of five enhancement in the bound.
Secondly, we perform a detailed bin by bin analysis in-
stead of assuming an overall branching fraction. This
makes our bound even more robust by roughly a factor
of two. Therefore, the bounds on the decay constant is
order of 100 GeV using Belle and BaBar measurements
for ⇤UV = 1 TeV. For the future, although there are
many intensive studies for the heavy QCD axion based
on the (near) future data at kaon factories [46], GlueX
[55], LHC with track-trigger [35, 74], DUNE near detec-
tor [75], or beam-dump type facilities (summarized in
Fig.41 of [76]), the B ! Ka process is particularly im-
portant for GeV mass range of the axion. This is because
the GeV axion is not produced at light meson precision
experiments and also because the lifetime is shorter due
to the hadronic decay channels making the beam-dump
experiments less e↵ective. Belle II will be able to cover
the unique parameter space using B ! Ka(! ⌘⇡⇡) as
shown in Fig. 4, and we expect the other channels and
future data of LHCb will further improve the sensitivi-
ties. Also, B ! Ka(! ��) will be another attractive
channel particularly for ma < 3m⇡ ' 450 MeV, which is
not yet studied in B-factories.
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Appendix A: Renormalization Scheme

We start from the EFT Lagrangian:

L = LSM + La +
X

i

CiOi + . . . , (A1)

where La denotes the axion kinetic and potential terms
and the ellipses represent e↵ective operators irrelevant
for the b ! sa phenomenology of our interest, while i 2

{gg, qq, bs} and

Ogg =
1

8⇡

a

fa
G

a
µ⌫G̃

aµ⌫
,

Oqq =
X

q

@µa

fa
q̄�

µ
�5q ,

Obs =
@µa

fa
s̄L�

µ
�5bL + h.c. .

(A2)

However, we will soon be redefining Oqq and Obs below in
order to take into account the subtleties of dealing with
�5 in dimensional regularization (DR).
To simplify our calculations, we will neglect terms of

order m
2
b,s,a/M

2
W or higher. This in particular means

that we evaluate the diagrams in Fig. 1 at vanishing
external momenta. The Feynman gauge has been used
throughout our calculations and thus the inclusion of an
unphysical Nambu-Goldstone mode accompanying every
W boson is implied in the following discussions. We have
implemented tensor reduction in FORM [77] and used
KIRA [78] to obtain integration-by-parts relations.
We will regulate UV divergences using DR, while we

cut o↵ IR divergences explicitly by introducing fictitious
quark masses. Note that all diagrams in Fig. 1 as well as
all coe�cients in Eq. (7) are O(↵2

s↵w). At this order, the
dependence on the fictitious masses actually cancels out
as the IR theory (6) has no IR divergences even in the
mb,s ! 0 limit at the same order. We have checked this
cancellation explicitly as a validation of our calculations.
The absence of anomalous chiral fermion loops in the

diagrams of Fig. 1 allows us to adopt the following simple
prescription for �5 and ✏

µ⌫⇢�. We first redefine Oqq and
Obs as

Oqq =
i

6

@µa

fa
✏
µ⌫⇢�

X

q

q̄�⌫�⇢��q ,

Obs =
i

6

@µa

fa
✏
µ⌫⇢�

s̄L�⌫�⇢��bL + h.c. ,

(A3)

which is equivalent to their original forms in d = 4 but
we use these new forms in d = 4 � 2✏ because what we
directly obtain from diagrams in Fig. 1 is actually the
product of three � matrices multiplied by the ✏ tensor
from the a-g-g vertex. Therefore, all we need is the total
antisymmetric property of the ✏ tensor, which we assume
as part of the definition of our scheme, and the property
{�5, �

µ
} = 0, which is valid as we have no anomalous

chiral fermion loops. We do not use any explicit form of

*two-loop is the leading order!
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3

calculation):

µ
dCqq

dµ
= �6CF

✓
↵s

4⇡

◆2
, (4)

µ
dCbs

dµ
=

✓
3CF

✓
↵s

4⇡

◆2
+ Cqq

◆
↵w

4⇡

X

k

⇠kVkbV
⇤
ks . (5)

FIG. 3. C1, C2 and C3 refers to the first, second and third
contribution in CW respectively, for di↵erent UV scales (see
Eq. (7)).

After running down to µ ⇠ MW using Eqs. (4, 5), we
switch to another EFT in which the top quark and W

boson are integrated out. In the limit of mb,s/MW ! 0,
this new EFT contains only one operator relevant for the
b ! sa phenomenology:

Lbsa = CW
@µa

fa
s̄L�

µ
�5bL + h.c. , (6)

where CW is determined by Cqq(µw) and Cbs(µw) with
µw ⇠ MW and the contributions from integrating out t

and W . We find

CW = Cbs(µw) +
↵w

4⇡
Cqq(µw) g(µw) +

1

2

↵w

4⇡

✓
↵s

4⇡

◆2
f(µw) ,

(7)
where g and f are 1- and 2-loop matching functions given
respectively in Eqs. (B7, B6) in Appendix. In the limit
of mb,s/MW ! 0, CW does not run between MW to mb.
This is because in this particular limit, there is no mix-
ing between aGG̃ and flavor changing axial-vector cou-
pling. In Fig. 3 we show the 1st, 2nd, and 3rd terms
of the right-hand-side of Eq. (7) as well as the net CW ,
all as a function of ⇤UV, assuming the initial condition
A = B = 0 in Eq. (3). We observe that Cbs, i.e., the
b-s-a operator dominates the overall CW and interferes
destructively with Cgg, i.e., a-g-g operator. The dom-
inance of Cbs can be explained by the operator mixing
under the RGE evolution; Cbs acquires leading logarith-
mic contributions ⇠ ln(⇤2

UV/M
2
W ) and ⇠ ln2(⇤2

UV/M
2
W )

FIG. 4. We portray the constraints from di↵erent B-decay
measurements in the ma-fa plane. Three curves are drawn for
each constraint corresponding to di↵erent initial conditions
(see Eq.(3)), i.e., the strongest (A = +3, B = �3), weakest
(A = �3, B = +3) and central constraints (A = B = 0). We
choose the UV scale ⇤UV to be 1 and 10 TeV for the top and
the bottom plot, respectively. The grey shaded regions com-
prise bounds from [15, 42, 46, 55–57]. For B ! Ka, we use
[66] for inclusive analsysis and [67–69] for exclusive channels
a ! 3⇡, ⌘⇡⇡,KK⇡,��. For the projection at Belle II, 5⇥1010

B̄B pair is assumed. The right vertical axis is labelled using
the notation of Ref. [42] for comparison.

due to the mixing with a-g-g and a-q-q operators. Since
ln(TeV2

/M
2
W ) ⇡ 5 is a relatively large number, Cbs dic-

tates over others.

The final step is to evaluate the meson level decay B !
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FIG. 3. C1, C2 and C3 refers to the first, second and third
contribution in CW respectively, for di↵erent UV scales (see
Eq. (7)).

After running down to µ ⇠ MW using Eqs. (4, 5), we
switch to another EFT in which the top quark and W

boson are integrated out. In the limit of mb,s/MW ! 0,
this new EFT contains only one operator relevant for the
b ! sa phenomenology:

Lbsa = CW
@µa

fa
s̄L�

µ
�5bL + h.c. , (6)

where CW is determined by Cqq(µw) and Cbs(µw) with
µw ⇠ MW and the contributions from integrating out t

and W . We find

CW = Cbs(µw) +
↵w
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Cqq(µw) g(µw) +
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(7)
where g and f are 1- and 2-loop matching functions given
respectively in Eqs. (B7, B6) in Appendix. In the limit
of mb,s/MW ! 0, CW does not run between MW to mb.
This is because in this particular limit, there is no mix-
ing between aGG̃ and flavor changing axial-vector cou-
pling. In Fig. 3 we show the 1st, 2nd, and 3rd terms
of the right-hand-side of Eq. (7) as well as the net CW ,
all as a function of ⇤UV, assuming the initial condition
A = B = 0 in Eq. (3). We observe that Cbs, i.e., the
b-s-a operator dominates the overall CW and interferes
destructively with Cgg, i.e., a-g-g operator. The dom-
inance of Cbs can be explained by the operator mixing
under the RGE evolution; Cbs acquires leading logarith-
mic contributions ⇠ ln(⇤2

UV/M
2
W ) and ⇠ ln2(⇤2

UV/M
2
W )

FIG. 4. We portray the constraints from di↵erent B-decay
measurements in the ma-fa plane. Three curves are drawn for
each constraint corresponding to di↵erent initial conditions
(see Eq.(3)), i.e., the strongest (A = +3, B = �3), weakest
(A = �3, B = +3) and central constraints (A = B = 0). We
choose the UV scale ⇤UV to be 1 and 10 TeV for the top and
the bottom plot, respectively. The grey shaded regions com-
prise bounds from [15, 42, 46, 55–57]. For B ! Ka, we use
[66] for inclusive analsysis and [67–69] for exclusive channels
a ! 3⇡, ⌘⇡⇡,KK⇡,��. For the projection at Belle II, 5⇥1010

B̄B pair is assumed. The right vertical axis is labelled using
the notation of Ref. [42] for comparison.
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while f0(m2
a) is the form factor obtained from the light-

cone QCD sum rules [71, 72]:

f0(m
2
a) =

0.330

1� m2
a/37.5 GeV2 . (10)

III. PHENOMENOLOGY

To derive constraints on the axion decay constant as a
function of the mass we use di↵erent B decay measure-
ments.

• We first derive the constraint on inclusive b ! sa decay
based on PDG data BR(B+

! c̄X) = 97 ± 4% [66].
Thus, we require BR(b ! sa) < 1 � BR(b ! c) .
11%. Note that this constraint does not contain any
uncertainties coming from hadronization or calculation
of axion decay. Therefore this is most robust bound
derived in this paper. For inclusive branching fraction
we use:

BR(b ! sa) '

��CW

��2

�Bf2
a

(m2
B � m

2
a)

2

32⇡mB
, (11)

where �B is the width of B meson. The inclusive
b ! sa decay rules out the region marked by yel-
low in Fig. 4. In fact, this constraint is compara-
ble and in some cases more robust than the bounds
drawn for light meson phenomenology [42, 46], e.g.,
KL ! ⇡

0
a (��), ⌘

0
! ⇡⇡a (3⇡), � ! �a (⇡⇡�, ⌘⇡⇡)

and �p ! pa (��), displayed in grey in Fig. 4.

• Next we use exclusive final states a ! 3⇡, ��, KK⇡,
and ⌘⇡⇡ to perform axion search. We perform a peak
search except in a ! 3⇡ final state. To calculate cor-
responding branching fractions for axion decay we use
the data-driven approach given in Ref. [42] and use
branching fractions given in Fig. 3 of their paper. The
uncertainties in this approach for axion hadronic (par-
tial) widths are not estimated and therefore not in-
cluded in the following bounds. However, these can be
extracted by the same drive-driven method [42].

1. The constraints on the a ! 3⇡ channel, shown
by the blue region in Fig. 4 is derived based on
Belle analysis [67]. This analysis is applicable
to 0.73 GeV  ma  0.83 GeV. We require
BR

�
B

0
! K

0
a
�
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�
a ! ⇡

+
⇡
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⇡
0
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< 4.9 ⇥ 10�6,
which is from BR
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< 5.5⇥ 10�6 [67] and
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0
�
= 89%.

2. We use B ! K�� data of BaBar [68] to derive a con-
straint on the a ! �� channel, which is shown by the

orange region in Fig. 4. We assume the axion to be
at the center of each bin (see Fig. 5 of Ref. [68]) of
width 125 MeV. Despite experimental smearing, the
gaussian event distribution coming from the axion de-
cay is expected to be completely inside one of these
bins. From the perspective of peak search, we also
require the signal from the axion to be less than the
central value of the measurement augmented with 2�
uncertainty.

3. We analyze B ! Ka(! KK⇡) final state based on
Babar measurements [69]. The channel is studied at
LHCb using 3fb�1 data [73], but the sensitivity is cur-
rently weaker compared to Babar. The bound is shown
by the pink region in Fig. 4. To derive this bound, we
follow a similar strategy mentioned previously with
one di↵erence. The bin size for KK⇡ experimental
data is only 22.5 MeV (see Fig. 1(e) of Ref. [69]).
Hence, instead of assuming the axion mass to be at the
center of each bin, we assume it to be at the bound-
ary of adjacent bins. We then require the number of
events from the decay of the axion to be less than the
sum of central values of those two bins plus 2� un-
certainty, after subtracting non-resonant background
from the measurement. The merging of two bins cor-
rect for any spilling over e↵ect due to experimental
smearing. Further, experimental e�ciency is calcu-
lated based on binned data and final measurement of
the branching fraction given on Fig. 1 (e) and TA-
BLE I of [69] respectively. Finally, the data analysis
performed on KK⇡ measurement contains mass cut:
one of the K⇡ pair invariant mass is required to be
0.85 GeV . mK⇡ . 0.95 GeV. To apply this cut
on axion decay calculations we use a ! KK⇡ ma-
trix element given in Eq. (S59-S61) of [42]. However,
the result strongly depends on the experimental input
parameters that have large uncertainties. Because of
this uncertainties bound from this channel have or-
der one error close to the end of the mass spectrum
ma ⇠ 1.8 GeV.

4. For a ! ⌘⇡⇡ [69] in the 1.2 GeV < ma < 1.5 GeV
window, we do everything similarly to KK⇡ except
the mass cut. For ma < 1.2 GeV one can notice
that the number of measured events are less than
for ma > 1.2 GeV. Therefore, we take the weak-
est constraint from ma > 1.2 GeV region and ex-
tend this branching ratio bound for low axion mass
ma < 1.2 GeV. As depicted by the green shaded
region in Fig. 4, this channel provides the strongest
constraint on the parameter space.

• Finally we derive Belle II projection for a ! ⌘⇡⇡

search, shown as the green dashed curve in Fig. 4. To
estimate projection we first extrapolate BaBar’s con-
tinuous QCD background given on FIG.1 (f) of [69].
Next, we scale it with luminosity, assuming 5⇥1010 B̄B

pair at Belle II. Eventually, based on our result we cal-
culate standard deviation and require that signal from

• Form factor
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FIG. 3. C1, C2 and C3 refers to the first, second and third
contribution in CW respectively, for di↵erent UV scales (see
Eq. (7)).

After running down to µ ⇠ MW using Eqs. (4, 5), we
switch to another EFT in which the top quark and W

boson are integrated out. In the limit of mb,s/MW ! 0,
this new EFT contains only one operator relevant for the
b ! sa phenomenology:

Lbsa = CW
@µa

fa
s̄L�

µ
�5bL + h.c. , (6)

where CW is determined by Cqq(µw) and Cbs(µw) with
µw ⇠ MW and the contributions from integrating out t

and W . We find
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where g and f are 1- and 2-loop matching functions given
respectively in Eqs. (B7, B6) in Appendix. In the limit
of mb,s/MW ! 0, CW does not run between MW to mb.
This is because in this particular limit, there is no mix-
ing between aGG̃ and flavor changing axial-vector cou-
pling. In Fig. 3 we show the 1st, 2nd, and 3rd terms
of the right-hand-side of Eq. (7) as well as the net CW ,
all as a function of ⇤UV, assuming the initial condition
A = B = 0 in Eq. (3). We observe that Cbs, i.e., the
b-s-a operator dominates the overall CW and interferes
destructively with Cgg, i.e., a-g-g operator. The dom-
inance of Cbs can be explained by the operator mixing
under the RGE evolution; Cbs acquires leading logarith-
mic contributions ⇠ ln(⇤2

UV/M
2
W ) and ⇠ ln2(⇤2
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FIG. 4. We portray the constraints from di↵erent B-decay
measurements in the ma-fa plane. Three curves are drawn for
each constraint corresponding to di↵erent initial conditions
(see Eq.(3)), i.e., the strongest (A = +3, B = �3), weakest
(A = �3, B = +3) and central constraints (A = B = 0). We
choose the UV scale ⇤UV to be 1 and 10 TeV for the top and
the bottom plot, respectively. The grey shaded regions com-
prise bounds from [15, 42, 46, 55–57]. For B ! Ka, we use
[66] for inclusive analsysis and [67–69] for exclusive channels
a ! 3⇡, ⌘⇡⇡,KK⇡,��. For the projection at Belle II, 5⇥1010

B̄B pair is assumed. The right vertical axis is labelled using
the notation of Ref. [42] for comparison.

due to the mixing with a-g-g and a-q-q operators. Since
ln(TeV2
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2
W ) ⇡ 5 is a relatively large number, Cbs dic-

tates over others.

The final step is to evaluate the meson level decay B !
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while f0(m2
a) is the form factor obtained from the light-

cone QCD sum rules [71, 72]:

f0(m
2
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III. PHENOMENOLOGY

To derive constraints on the axion decay constant as a
function of the mass we use di↵erent B decay measure-
ments.

• We first derive the constraint on inclusive b ! sa decay
based on PDG data BR(B+

! c̄X) = 97 ± 4% [66].
Thus, we require BR(b ! sa) < 1 � BR(b ! c) .
11%. Note that this constraint does not contain any
uncertainties coming from hadronization or calculation
of axion decay. Therefore this is most robust bound
derived in this paper. For inclusive branching fraction
we use:

BR(b ! sa) '
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2
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where �B is the width of B meson. The inclusive
b ! sa decay rules out the region marked by yel-
low in Fig. 4. In fact, this constraint is compara-
ble and in some cases more robust than the bounds
drawn for light meson phenomenology [42, 46], e.g.,
KL ! ⇡

0
a (��), ⌘

0
! ⇡⇡a (3⇡), � ! �a (⇡⇡�, ⌘⇡⇡)

and �p ! pa (��), displayed in grey in Fig. 4.

• Next we use exclusive final states a ! 3⇡, ��, KK⇡,
and ⌘⇡⇡ to perform axion search. We perform a peak
search except in a ! 3⇡ final state. To calculate cor-
responding branching fractions for axion decay we use
the data-driven approach given in Ref. [42] and use
branching fractions given in Fig. 3 of their paper. The
uncertainties in this approach for axion hadronic (par-
tial) widths are not estimated and therefore not in-
cluded in the following bounds. However, these can be
extracted by the same drive-driven method [42].

1. The constraints on the a ! 3⇡ channel, shown
by the blue region in Fig. 4 is derived based on
Belle analysis [67]. This analysis is applicable
to 0.73 GeV  ma  0.83 GeV. We require
BR

�
B

0
! K

0
a
�
BR

�
a ! ⇡

+
⇡
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0
�

< 4.9 ⇥ 10�6,
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�
B

0
! K

0
!
�

< 5.5⇥ 10�6 [67] and
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2. We use B ! K�� data of BaBar [68] to derive a con-
straint on the a ! �� channel, which is shown by the

orange region in Fig. 4. We assume the axion to be
at the center of each bin (see Fig. 5 of Ref. [68]) of
width 125 MeV. Despite experimental smearing, the
gaussian event distribution coming from the axion de-
cay is expected to be completely inside one of these
bins. From the perspective of peak search, we also
require the signal from the axion to be less than the
central value of the measurement augmented with 2�
uncertainty.

3. We analyze B ! Ka(! KK⇡) final state based on
Babar measurements [69]. The channel is studied at
LHCb using 3fb�1 data [73], but the sensitivity is cur-
rently weaker compared to Babar. The bound is shown
by the pink region in Fig. 4. To derive this bound, we
follow a similar strategy mentioned previously with
one di↵erence. The bin size for KK⇡ experimental
data is only 22.5 MeV (see Fig. 1(e) of Ref. [69]).
Hence, instead of assuming the axion mass to be at the
center of each bin, we assume it to be at the bound-
ary of adjacent bins. We then require the number of
events from the decay of the axion to be less than the
sum of central values of those two bins plus 2� un-
certainty, after subtracting non-resonant background
from the measurement. The merging of two bins cor-
rect for any spilling over e↵ect due to experimental
smearing. Further, experimental e�ciency is calcu-
lated based on binned data and final measurement of
the branching fraction given on Fig. 1 (e) and TA-
BLE I of [69] respectively. Finally, the data analysis
performed on KK⇡ measurement contains mass cut:
one of the K⇡ pair invariant mass is required to be
0.85 GeV . mK⇡ . 0.95 GeV. To apply this cut
on axion decay calculations we use a ! KK⇡ ma-
trix element given in Eq. (S59-S61) of [42]. However,
the result strongly depends on the experimental input
parameters that have large uncertainties. Because of
this uncertainties bound from this channel have or-
der one error close to the end of the mass spectrum
ma ⇠ 1.8 GeV.

4. For a ! ⌘⇡⇡ [69] in the 1.2 GeV < ma < 1.5 GeV
window, we do everything similarly to KK⇡ except
the mass cut. For ma < 1.2 GeV one can notice
that the number of measured events are less than
for ma > 1.2 GeV. Therefore, we take the weak-
est constraint from ma > 1.2 GeV region and ex-
tend this branching ratio bound for low axion mass
ma < 1.2 GeV. As depicted by the green shaded
region in Fig. 4, this channel provides the strongest
constraint on the parameter space.

• Finally we derive Belle II projection for a ! ⌘⇡⇡

search, shown as the green dashed curve in Fig. 4. To
estimate projection we first extrapolate BaBar’s con-
tinuous QCD background given on FIG.1 (f) of [69].
Next, we scale it with luminosity, assuming 5⇥1010 B̄B

pair at Belle II. Eventually, based on our result we cal-
culate standard deviation and require that signal from

• Phase space
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based on PDG data BR(B+

! c̄X) = 97 ± 4% [66].
Thus, we require BR(b ! sa) < 1 � BR(b ! c) .
11%. Note that this constraint does not contain any
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where �B is the width of B meson. The inclusive
b ! sa decay rules out the region marked by yel-
low in Fig. 4. In fact, this constraint is compara-
ble and in some cases more robust than the bounds
drawn for light meson phenomenology [42, 46], e.g.,
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• Next we use exclusive final states a ! 3⇡, ��, KK⇡,
and ⌘⇡⇡ to perform axion search. We perform a peak
search except in a ! 3⇡ final state. To calculate cor-
responding branching fractions for axion decay we use
the data-driven approach given in Ref. [42] and use
branching fractions given in Fig. 3 of their paper. The
uncertainties in this approach for axion hadronic (par-
tial) widths are not estimated and therefore not in-
cluded in the following bounds. However, these can be
extracted by the same drive-driven method [42].

1. The constraints on the a ! 3⇡ channel, shown
by the blue region in Fig. 4 is derived based on
Belle analysis [67]. This analysis is applicable
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2. We use B ! K�� data of BaBar [68] to derive a con-
straint on the a ! �� channel, which is shown by the

orange region in Fig. 4. We assume the axion to be
at the center of each bin (see Fig. 5 of Ref. [68]) of
width 125 MeV. Despite experimental smearing, the
gaussian event distribution coming from the axion de-
cay is expected to be completely inside one of these
bins. From the perspective of peak search, we also
require the signal from the axion to be less than the
central value of the measurement augmented with 2�
uncertainty.

3. We analyze B ! Ka(! KK⇡) final state based on
Babar measurements [69]. The channel is studied at
LHCb using 3fb�1 data [73], but the sensitivity is cur-
rently weaker compared to Babar. The bound is shown
by the pink region in Fig. 4. To derive this bound, we
follow a similar strategy mentioned previously with
one di↵erence. The bin size for KK⇡ experimental
data is only 22.5 MeV (see Fig. 1(e) of Ref. [69]).
Hence, instead of assuming the axion mass to be at the
center of each bin, we assume it to be at the bound-
ary of adjacent bins. We then require the number of
events from the decay of the axion to be less than the
sum of central values of those two bins plus 2� un-
certainty, after subtracting non-resonant background
from the measurement. The merging of two bins cor-
rect for any spilling over e↵ect due to experimental
smearing. Further, experimental e�ciency is calcu-
lated based on binned data and final measurement of
the branching fraction given on Fig. 1 (e) and TA-
BLE I of [69] respectively. Finally, the data analysis
performed on KK⇡ measurement contains mass cut:
one of the K⇡ pair invariant mass is required to be
0.85 GeV . mK⇡ . 0.95 GeV. To apply this cut
on axion decay calculations we use a ! KK⇡ ma-
trix element given in Eq. (S59-S61) of [42]. However,
the result strongly depends on the experimental input
parameters that have large uncertainties. Because of
this uncertainties bound from this channel have or-
der one error close to the end of the mass spectrum
ma ⇠ 1.8 GeV.

4. For a ! ⌘⇡⇡ [69] in the 1.2 GeV < ma < 1.5 GeV
window, we do everything similarly to KK⇡ except
the mass cut. For ma < 1.2 GeV one can notice
that the number of measured events are less than
for ma > 1.2 GeV. Therefore, we take the weak-
est constraint from ma > 1.2 GeV region and ex-
tend this branching ratio bound for low axion mass
ma < 1.2 GeV. As depicted by the green shaded
region in Fig. 4, this channel provides the strongest
constraint on the parameter space.

• Finally we derive Belle II projection for a ! ⌘⇡⇡

search, shown as the green dashed curve in Fig. 4. To
estimate projection we first extrapolate BaBar’s con-
tinuous QCD background given on FIG.1 (f) of [69].
Next, we scale it with luminosity, assuming 5⇥1010 B̄B

pair at Belle II. Eventually, based on our result we cal-
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FIG. 3. C1, C2 and C3 refers to the first, second and third
contribution in CW respectively, for di↵erent UV scales (see
Eq. (7)).

After running down to µ ⇠ MW using Eqs. (4, 5), we
switch to another EFT in which the top quark and W

boson are integrated out. In the limit of mb,s/MW ! 0,
this new EFT contains only one operator relevant for the
b ! sa phenomenology:

Lbsa = CW
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where CW is determined by Cqq(µw) and Cbs(µw) with
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where g and f are 1- and 2-loop matching functions given
respectively in Eqs. (B7, B6) in Appendix. In the limit
of mb,s/MW ! 0, CW does not run between MW to mb.
This is because in this particular limit, there is no mix-
ing between aGG̃ and flavor changing axial-vector cou-
pling. In Fig. 3 we show the 1st, 2nd, and 3rd terms
of the right-hand-side of Eq. (7) as well as the net CW ,
all as a function of ⇤UV, assuming the initial condition
A = B = 0 in Eq. (3). We observe that Cbs, i.e., the
b-s-a operator dominates the overall CW and interferes
destructively with Cgg, i.e., a-g-g operator. The dom-
inance of Cbs can be explained by the operator mixing
under the RGE evolution; Cbs acquires leading logarith-
mic contributions ⇠ ln(⇤2
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FIG. 4. We portray the constraints from di↵erent B-decay
measurements in the ma-fa plane. Three curves are drawn for
each constraint corresponding to di↵erent initial conditions
(see Eq.(3)), i.e., the strongest (A = +3, B = �3), weakest
(A = �3, B = +3) and central constraints (A = B = 0). We
choose the UV scale ⇤UV to be 1 and 10 TeV for the top and
the bottom plot, respectively. The grey shaded regions com-
prise bounds from [15, 42, 46, 55–57]. For B ! Ka, we use
[66] for inclusive analsysis and [67–69] for exclusive channels
a ! 3⇡, ⌘⇡⇡,KK⇡,��. For the projection at Belle II, 5⇥1010

B̄B pair is assumed. The right vertical axis is labelled using
the notation of Ref. [42] for comparison.

due to the mixing with a-g-g and a-q-q operators. Since
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while f0(m2
a) is the form factor obtained from the light-

cone QCD sum rules [71, 72]:
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III. PHENOMENOLOGY

To derive constraints on the axion decay constant as a
function of the mass we use di↵erent B decay measure-
ments.

• We first derive the constraint on inclusive b ! sa decay
based on PDG data BR(B+

! c̄X) = 97 ± 4% [66].
Thus, we require BR(b ! sa) < 1 � BR(b ! c) .
11%. Note that this constraint does not contain any
uncertainties coming from hadronization or calculation
of axion decay. Therefore this is most robust bound
derived in this paper. For inclusive branching fraction
we use:

BR(b ! sa) '

��CW

��2

�Bf2
a

(m2
B � m

2
a)

2

32⇡mB
, (11)

where �B is the width of B meson. The inclusive
b ! sa decay rules out the region marked by yel-
low in Fig. 4. In fact, this constraint is compara-
ble and in some cases more robust than the bounds
drawn for light meson phenomenology [42, 46], e.g.,
KL ! ⇡

0
a (��), ⌘

0
! ⇡⇡a (3⇡), � ! �a (⇡⇡�, ⌘⇡⇡)

and �p ! pa (��), displayed in grey in Fig. 4.

• Next we use exclusive final states a ! 3⇡, ��, KK⇡,
and ⌘⇡⇡ to perform axion search. We perform a peak
search except in a ! 3⇡ final state. To calculate cor-
responding branching fractions for axion decay we use
the data-driven approach given in Ref. [42] and use
branching fractions given in Fig. 3 of their paper. The
uncertainties in this approach for axion hadronic (par-
tial) widths are not estimated and therefore not in-
cluded in the following bounds. However, these can be
extracted by the same drive-driven method [42].

1. The constraints on the a ! 3⇡ channel, shown
by the blue region in Fig. 4 is derived based on
Belle analysis [67]. This analysis is applicable
to 0.73 GeV  ma  0.83 GeV. We require
BR

�
B

0
! K

0
a
�
BR

�
a ! ⇡

+
⇡
�

⇡
0
�

< 4.9 ⇥ 10�6,
which is from BR

�
B

0
! K

0
!
�

< 5.5⇥ 10�6 [67] and
BR

�
! ! ⇡

+
⇡
�

⇡
0
�
= 89%.

2. We use B ! K�� data of BaBar [68] to derive a con-
straint on the a ! �� channel, which is shown by the

orange region in Fig. 4. We assume the axion to be
at the center of each bin (see Fig. 5 of Ref. [68]) of
width 125 MeV. Despite experimental smearing, the
gaussian event distribution coming from the axion de-
cay is expected to be completely inside one of these
bins. From the perspective of peak search, we also
require the signal from the axion to be less than the
central value of the measurement augmented with 2�
uncertainty.

3. We analyze B ! Ka(! KK⇡) final state based on
Babar measurements [69]. The channel is studied at
LHCb using 3fb�1 data [73], but the sensitivity is cur-
rently weaker compared to Babar. The bound is shown
by the pink region in Fig. 4. To derive this bound, we
follow a similar strategy mentioned previously with
one di↵erence. The bin size for KK⇡ experimental
data is only 22.5 MeV (see Fig. 1(e) of Ref. [69]).
Hence, instead of assuming the axion mass to be at the
center of each bin, we assume it to be at the bound-
ary of adjacent bins. We then require the number of
events from the decay of the axion to be less than the
sum of central values of those two bins plus 2� un-
certainty, after subtracting non-resonant background
from the measurement. The merging of two bins cor-
rect for any spilling over e↵ect due to experimental
smearing. Further, experimental e�ciency is calcu-
lated based on binned data and final measurement of
the branching fraction given on Fig. 1 (e) and TA-
BLE I of [69] respectively. Finally, the data analysis
performed on KK⇡ measurement contains mass cut:
one of the K⇡ pair invariant mass is required to be
0.85 GeV . mK⇡ . 0.95 GeV. To apply this cut
on axion decay calculations we use a ! KK⇡ ma-
trix element given in Eq. (S59-S61) of [42]. However,
the result strongly depends on the experimental input
parameters that have large uncertainties. Because of
this uncertainties bound from this channel have or-
der one error close to the end of the mass spectrum
ma ⇠ 1.8 GeV.

4. For a ! ⌘⇡⇡ [69] in the 1.2 GeV < ma < 1.5 GeV
window, we do everything similarly to KK⇡ except
the mass cut. For ma < 1.2 GeV one can notice
that the number of measured events are less than
for ma > 1.2 GeV. Therefore, we take the weak-
est constraint from ma > 1.2 GeV region and ex-
tend this branching ratio bound for low axion mass
ma < 1.2 GeV. As depicted by the green shaded
region in Fig. 4, this channel provides the strongest
constraint on the parameter space.

• Finally we derive Belle II projection for a ! ⌘⇡⇡

search, shown as the green dashed curve in Fig. 4. To
estimate projection we first extrapolate BaBar’s con-
tinuous QCD background given on FIG.1 (f) of [69].
Next, we scale it with luminosity, assuming 5⇥1010 B̄B

pair at Belle II. Eventually, based on our result we cal-
culate standard deviation and require that signal from

• Phase space

BR[B→Ka]~10-5 (fa/100GeV)-2
[new results: S. Chakraborty, M. Kraus,  
V. Loladze, T. Okui, KT]
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• Next we use exclusive final states a ! 3⇡, ��, KK⇡,
and ⌘⇡⇡ to perform axion search. We perform a peak
search except in a ! 3⇡ final state. To calculate cor-
responding branching fractions for axion decay we use
the data-driven approach given in Ref. [42] and use
branching fractions given in Fig. 3 of their paper. The
uncertainties in this approach for axion hadronic (par-
tial) widths are not estimated and therefore not in-
cluded in the following bounds. However, these can be
extracted by the same drive-driven method [42].
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2. We use B ! K�� data of BaBar [68] to derive a con-
straint on the a ! �� channel, which is shown by the

orange region in Fig. 4. We assume the axion to be
at the center of each bin (see Fig. 5 of Ref. [68]) of
width 125 MeV. Despite experimental smearing, the
gaussian event distribution coming from the axion de-
cay is expected to be completely inside one of these
bins. From the perspective of peak search, we also
require the signal from the axion to be less than the
central value of the measurement augmented with 2�
uncertainty.

3. We analyze B ! Ka(! KK⇡) final state based on
Babar measurements [69]. The channel is studied at
LHCb using 3fb�1 data [73], but the sensitivity is cur-
rently weaker compared to Babar. The bound is shown
by the pink region in Fig. 4. To derive this bound, we
follow a similar strategy mentioned previously with
one di↵erence. The bin size for KK⇡ experimental
data is only 22.5 MeV (see Fig. 1(e) of Ref. [69]).
Hence, instead of assuming the axion mass to be at the
center of each bin, we assume it to be at the bound-
ary of adjacent bins. We then require the number of
events from the decay of the axion to be less than the
sum of central values of those two bins plus 2� un-
certainty, after subtracting non-resonant background
from the measurement. The merging of two bins cor-
rect for any spilling over e↵ect due to experimental
smearing. Further, experimental e�ciency is calcu-
lated based on binned data and final measurement of
the branching fraction given on Fig. 1 (e) and TA-
BLE I of [69] respectively. Finally, the data analysis
performed on KK⇡ measurement contains mass cut:
one of the K⇡ pair invariant mass is required to be
0.85 GeV . mK⇡ . 0.95 GeV. To apply this cut
on axion decay calculations we use a ! KK⇡ ma-
trix element given in Eq. (S59-S61) of [42]. However,
the result strongly depends on the experimental input
parameters that have large uncertainties. Because of
this uncertainties bound from this channel have or-
der one error close to the end of the mass spectrum
ma ⇠ 1.8 GeV.

4. For a ! ⌘⇡⇡ [69] in the 1.2 GeV < ma < 1.5 GeV
window, we do everything similarly to KK⇡ except
the mass cut. For ma < 1.2 GeV one can notice
that the number of measured events are less than
for ma > 1.2 GeV. Therefore, we take the weak-
est constraint from ma > 1.2 GeV region and ex-
tend this branching ratio bound for low axion mass
ma < 1.2 GeV. As depicted by the green shaded
region in Fig. 4, this channel provides the strongest
constraint on the parameter space.

• Finally we derive Belle II projection for a ! ⌘⇡⇡

search, shown as the green dashed curve in Fig. 4. To
estimate projection we first extrapolate BaBar’s con-
tinuous QCD background given on FIG.1 (f) of [69].
Next, we scale it with luminosity, assuming 5⇥1010 B̄B

pair at Belle II. Eventually, based on our result we cal-
culate standard deviation and require that signal from
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FIG. 3. C1, C2 and C3 refers to the first, second and third
contribution in CW respectively, for di↵erent UV scales (see
Eq. (7)).

After running down to µ ⇠ MW using Eqs. (4, 5), we
switch to another EFT in which the top quark and W

boson are integrated out. In the limit of mb,s/MW ! 0,
this new EFT contains only one operator relevant for the
b ! sa phenomenology:

Lbsa = CW
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where CW is determined by Cqq(µw) and Cbs(µw) with
µw ⇠ MW and the contributions from integrating out t
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CW = Cbs(µw) +
↵w

4⇡
Cqq(µw) g(µw) +

1

2

↵w

4⇡

✓
↵s

4⇡

◆2
f(µw) ,

(7)
where g and f are 1- and 2-loop matching functions given
respectively in Eqs. (B7, B6) in Appendix. In the limit
of mb,s/MW ! 0, CW does not run between MW to mb.
This is because in this particular limit, there is no mix-
ing between aGG̃ and flavor changing axial-vector cou-
pling. In Fig. 3 we show the 1st, 2nd, and 3rd terms
of the right-hand-side of Eq. (7) as well as the net CW ,
all as a function of ⇤UV, assuming the initial condition
A = B = 0 in Eq. (3). We observe that Cbs, i.e., the
b-s-a operator dominates the overall CW and interferes
destructively with Cgg, i.e., a-g-g operator. The dom-
inance of Cbs can be explained by the operator mixing
under the RGE evolution; Cbs acquires leading logarith-
mic contributions ⇠ ln(⇤2
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2
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FIG. 4. We portray the constraints from di↵erent B-decay
measurements in the ma-fa plane. Three curves are drawn for
each constraint corresponding to di↵erent initial conditions
(see Eq.(3)), i.e., the strongest (A = +3, B = �3), weakest
(A = �3, B = +3) and central constraints (A = B = 0). We
choose the UV scale ⇤UV to be 1 and 10 TeV for the top and
the bottom plot, respectively. The grey shaded regions com-
prise bounds from [15, 42, 46, 55–57]. For B ! Ka, we use
[66] for inclusive analsysis and [67–69] for exclusive channels
a ! 3⇡, ⌘⇡⇡,KK⇡,��. For the projection at Belle II, 5⇥1010

B̄B pair is assumed. The right vertical axis is labelled using
the notation of Ref. [42] for comparison.
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III. PHENOMENOLOGY

To derive constraints on the axion decay constant as a
function of the mass we use di↵erent B decay measure-
ments.

• We first derive the constraint on inclusive b ! sa decay
based on PDG data BR(B+

! c̄X) = 97 ± 4% [66].
Thus, we require BR(b ! sa) < 1 � BR(b ! c) .
11%. Note that this constraint does not contain any
uncertainties coming from hadronization or calculation
of axion decay. Therefore this is most robust bound
derived in this paper. For inclusive branching fraction
we use:
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where �B is the width of B meson. The inclusive
b ! sa decay rules out the region marked by yel-
low in Fig. 4. In fact, this constraint is compara-
ble and in some cases more robust than the bounds
drawn for light meson phenomenology [42, 46], e.g.,
KL ! ⇡

0
a (��), ⌘

0
! ⇡⇡a (3⇡), � ! �a (⇡⇡�, ⌘⇡⇡)

and �p ! pa (��), displayed in grey in Fig. 4.

• Next we use exclusive final states a ! 3⇡, ��, KK⇡,
and ⌘⇡⇡ to perform axion search. We perform a peak
search except in a ! 3⇡ final state. To calculate cor-
responding branching fractions for axion decay we use
the data-driven approach given in Ref. [42] and use
branching fractions given in Fig. 3 of their paper. The
uncertainties in this approach for axion hadronic (par-
tial) widths are not estimated and therefore not in-
cluded in the following bounds. However, these can be
extracted by the same drive-driven method [42].

1. The constraints on the a ! 3⇡ channel, shown
by the blue region in Fig. 4 is derived based on
Belle analysis [67]. This analysis is applicable
to 0.73 GeV  ma  0.83 GeV. We require
BR
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2. We use B ! K�� data of BaBar [68] to derive a con-
straint on the a ! �� channel, which is shown by the

orange region in Fig. 4. We assume the axion to be
at the center of each bin (see Fig. 5 of Ref. [68]) of
width 125 MeV. Despite experimental smearing, the
gaussian event distribution coming from the axion de-
cay is expected to be completely inside one of these
bins. From the perspective of peak search, we also
require the signal from the axion to be less than the
central value of the measurement augmented with 2�
uncertainty.

3. We analyze B ! Ka(! KK⇡) final state based on
Babar measurements [69]. The channel is studied at
LHCb using 3fb�1 data [73], but the sensitivity is cur-
rently weaker compared to Babar. The bound is shown
by the pink region in Fig. 4. To derive this bound, we
follow a similar strategy mentioned previously with
one di↵erence. The bin size for KK⇡ experimental
data is only 22.5 MeV (see Fig. 1(e) of Ref. [69]).
Hence, instead of assuming the axion mass to be at the
center of each bin, we assume it to be at the bound-
ary of adjacent bins. We then require the number of
events from the decay of the axion to be less than the
sum of central values of those two bins plus 2� un-
certainty, after subtracting non-resonant background
from the measurement. The merging of two bins cor-
rect for any spilling over e↵ect due to experimental
smearing. Further, experimental e�ciency is calcu-
lated based on binned data and final measurement of
the branching fraction given on Fig. 1 (e) and TA-
BLE I of [69] respectively. Finally, the data analysis
performed on KK⇡ measurement contains mass cut:
one of the K⇡ pair invariant mass is required to be
0.85 GeV . mK⇡ . 0.95 GeV. To apply this cut
on axion decay calculations we use a ! KK⇡ ma-
trix element given in Eq. (S59-S61) of [42]. However,
the result strongly depends on the experimental input
parameters that have large uncertainties. Because of
this uncertainties bound from this channel have or-
der one error close to the end of the mass spectrum
ma ⇠ 1.8 GeV.

4. For a ! ⌘⇡⇡ [69] in the 1.2 GeV < ma < 1.5 GeV
window, we do everything similarly to KK⇡ except
the mass cut. For ma < 1.2 GeV one can notice
that the number of measured events are less than
for ma > 1.2 GeV. Therefore, we take the weak-
est constraint from ma > 1.2 GeV region and ex-
tend this branching ratio bound for low axion mass
ma < 1.2 GeV. As depicted by the green shaded
region in Fig. 4, this channel provides the strongest
constraint on the parameter space.

• Finally we derive Belle II projection for a ! ⌘⇡⇡

search, shown as the green dashed curve in Fig. 4. To
estimate projection we first extrapolate BaBar’s con-
tinuous QCD background given on FIG.1 (f) of [69].
Next, we scale it with luminosity, assuming 5⇥1010 B̄B

pair at Belle II. Eventually, based on our result we cal-
culate standard deviation and require that signal from
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0
! K

0
a
�
BR

�
a ! ⇡

+
⇡
�

⇡
0
�

< 4.9 ⇥ 10�6,
which is from BR

�
B

0
! K

0
!
�

< 5.5⇥ 10�6 [67] and
BR

�
! ! ⇡

+
⇡
�

⇡
0
�
= 89%.

2. We use B ! K�� data of BaBar [68] to derive a con-
straint on the a ! �� channel, which is shown by the

orange region in Fig. 4. We assume the axion to be
at the center of each bin (see Fig. 5 of Ref. [68]) of
width 125 MeV. Despite experimental smearing, the
gaussian event distribution coming from the axion de-
cay is expected to be completely inside one of these
bins. From the perspective of peak search, we also
require the signal from the axion to be less than the
central value of the measurement augmented with 2�
uncertainty.

3. We analyze B ! Ka(! KK⇡) final state based on
Babar measurements [69]. The channel is studied at
LHCb using 3fb�1 data [73], but the sensitivity is cur-
rently weaker compared to Babar. The bound is shown
by the pink region in Fig. 4. To derive this bound, we
follow a similar strategy mentioned previously with
one di↵erence. The bin size for KK⇡ experimental
data is only 22.5 MeV (see Fig. 1(e) of Ref. [69]).
Hence, instead of assuming the axion mass to be at the
center of each bin, we assume it to be at the bound-
ary of adjacent bins. We then require the number of
events from the decay of the axion to be less than the
sum of central values of those two bins plus 2� un-
certainty, after subtracting non-resonant background
from the measurement. The merging of two bins cor-
rect for any spilling over e↵ect due to experimental
smearing. Further, experimental e�ciency is calcu-
lated based on binned data and final measurement of
the branching fraction given on Fig. 1 (e) and TA-
BLE I of [69] respectively. Finally, the data analysis
performed on KK⇡ measurement contains mass cut:
one of the K⇡ pair invariant mass is required to be
0.85 GeV . mK⇡ . 0.95 GeV. To apply this cut
on axion decay calculations we use a ! KK⇡ ma-
trix element given in Eq. (S59-S61) of [42]. However,
the result strongly depends on the experimental input
parameters that have large uncertainties. Because of
this uncertainties bound from this channel have or-
der one error close to the end of the mass spectrum
ma ⇠ 1.8 GeV.

4. For a ! ⌘⇡⇡ [69] in the 1.2 GeV < ma < 1.5 GeV
window, we do everything similarly to KK⇡ except
the mass cut. For ma < 1.2 GeV one can notice
that the number of measured events are less than
for ma > 1.2 GeV. Therefore, we take the weak-
est constraint from ma > 1.2 GeV region and ex-
tend this branching ratio bound for low axion mass
ma < 1.2 GeV. As depicted by the green shaded
region in Fig. 4, this channel provides the strongest
constraint on the parameter space.

• Finally we derive Belle II projection for a ! ⌘⇡⇡

search, shown as the green dashed curve in Fig. 4. To
estimate projection we first extrapolate BaBar’s con-
tinuous QCD background given on FIG.1 (f) of [69].
Next, we scale it with luminosity, assuming 5⇥1010 B̄B

pair at Belle II. Eventually, based on our result we cal-
culate standard deviation and require that signal from

• Form factor
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FIG. S1: ALP decay (left) widths and (right) branching fractions to all final states considered. For ma . 1.84GeV, we take
the total width to be the sum of the exclusive decay widths, whereas for ma & 1.84GeV we take the total width to be �a!gg.

A. a ! ��

Even though the ALP does not couple directly to the electromagnetic field when c� = 0, as shown in Eq. (S16)
the chiral transformation generates a coupling at low masses. In addition, ALP–pseudocalar mixing—followed by
P ! ��—will also contribute. Finally, at high masses and at the two-loop order, pQCD contributions from quarks
become important. The total decay rate for a ! �� is given by

�a!�� =
↵2
EMm3

a

(4⇡)3f2
a

��C�
� + C

VMD
� + C

pQCD,uds
� + C

pQCD,cbt
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��2 . (S25)

The contribution from the chiral transformation is

C
�
� = NchQQi⇥(m⌘0 �ma) ⇡ ⇥(m⌘0 �ma). (S26)

We turn this contribution o↵ above the ⌘0 mass, since the chiral rotation is no longer valid (see discussion in the main
text on the U(3) representation). We calculate the VMD-based contribution as a ! V V (0)

! ��, where the vector
mesons mix with the photons, which predicts the pseudoscalar P ! �� rates to O(10%) accuracy. This contribution
is given by

C
VMD
� = �F(ma)⇥(2.1GeV�ma)
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where the phenomenological suppression of the VMD amplitude at higher masses—obtained in the Letter using
e+e� data—is contained in the function F(ma). As we will show below, the pQCD-based contribution from light
quarks surpasses the VMD-based one at ma ⇡ 2.1GeV. This is expected since, due to the suppression of the V V P
vertex at higher masses, contributions involving quark loops become dominant in the perturbative regime; therefore,
we transition from the VMD-based light-quark contribution to the pQCD-based one at the point where the pQCD
contribution is larger. The full pQCD-based result has contributions from both light and heavy quarks [26]
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These expressions are simplifications of those in Ref. [26], and even though they are accurate to O(10%) in the mass
range that we use them, our numerical results are obtained using the full expressions.

Figure S2 shows the various contributions to �a!�� compared to those from Ref. [26]. As expected, our result
agrees with that of Ref. [26] for ma . 0.2GeV and for ma & 2.1GeV, but is significantly di↵erent between these two

ma [GeV]

long-lived

Heavy axion decay patterns
• Chiral perturbation theory, ma<1GeV   

11

• Perturbative QCD, ma>2GeV

• Data-driven method, ma~1-2GeV  [essential for ] 
Axion-vector meson-vector meson

B ! Ka
 1811.03474, D. Aloni, Y. Soreq, M. Williams

spires-search://a%20aloni,%20daniel
spires-search://a%20soreq,%20yotam
spires-search://a%20williams,%20mike


Kohsaku Tobioka, Florida State University 

4

1 2 3
3−10

1−10

10

310

510

710

ma [GeV]

�
a⇥
⇥ 1

T
eV ⇤

⇤ 2
[e
V
] m⇡0 m⌘ m⌘0

a ! ��

a ! 3⇡

a ! ⇡⇡�

a ! ⌘⇡⇡

a ! ⌘0⇡⇡

a ! KK⇡
a ! ⇢⇢

a ! !!
a ! ��a ! K⇤K

⇤

a ! gg

�a =
P

�i
a ( ) �a = �a!gg (dashed)

1 2 3
7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

ma [GeV]

B
a

m⇡0 m⌘ m⌘0

a ! ��

a ! 3⇡

a ! ⇡⇡�

a ! ⌘⇡⇡

a ! ⌘0⇡⇡

a ! ⇢⇢
a ! !!

a ! ��
a ! K⇤K

⇤

a ! KK⇡

unaccounted for (dashed)

FIG. S1: ALP decay (left) widths and (right) branching fractions to all final states considered. For ma . 1.84GeV, we take
the total width to be the sum of the exclusive decay widths, whereas for ma & 1.84GeV we take the total width to be �a!gg.

A. a ! ��

Even though the ALP does not couple directly to the electromagnetic field when c� = 0, as shown in Eq. (S16)
the chiral transformation generates a coupling at low masses. In addition, ALP–pseudocalar mixing—followed by
P ! ��—will also contribute. Finally, at high masses and at the two-loop order, pQCD contributions from quarks
become important. The total decay rate for a ! �� is given by
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The contribution from the chiral transformation is

C
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� = NchQQi⇥(m⌘0 �ma) ⇡ ⇥(m⌘0 �ma). (S26)

We turn this contribution o↵ above the ⌘0 mass, since the chiral rotation is no longer valid (see discussion in the main
text on the U(3) representation). We calculate the VMD-based contribution as a ! V V (0)

! ��, where the vector
mesons mix with the photons, which predicts the pseudoscalar P ! �� rates to O(10%) accuracy. This contribution
is given by
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where the phenomenological suppression of the VMD amplitude at higher masses—obtained in the Letter using
e+e� data—is contained in the function F(ma). As we will show below, the pQCD-based contribution from light
quarks surpasses the VMD-based one at ma ⇡ 2.1GeV. This is expected since, due to the suppression of the V V P
vertex at higher masses, contributions involving quark loops become dominant in the perturbative regime; therefore,
we transition from the VMD-based light-quark contribution to the pQCD-based one at the point where the pQCD
contribution is larger. The full pQCD-based result has contributions from both light and heavy quarks [26]
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These expressions are simplifications of those in Ref. [26], and even though they are accurate to O(10%) in the mass
range that we use them, our numerical results are obtained using the full expressions.

Figure S2 shows the various contributions to �a!�� compared to those from Ref. [26]. As expected, our result
agrees with that of Ref. [26] for ma . 0.2GeV and for ma & 2.1GeV, but is significantly di↵erent between these two
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FIG. S1: ALP decay (left) widths and (right) branching fractions to all final states considered. For ma . 1.84GeV, we take
the total width to be the sum of the exclusive decay widths, whereas for ma & 1.84GeV we take the total width to be �a!gg.

A. a ! ��

Even though the ALP does not couple directly to the electromagnetic field when c� = 0, as shown in Eq. (S16)
the chiral transformation generates a coupling at low masses. In addition, ALP–pseudocalar mixing—followed by
P ! ��—will also contribute. Finally, at high masses and at the two-loop order, pQCD contributions from quarks
become important. The total decay rate for a ! �� is given by
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The contribution from the chiral transformation is
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� = NchQQi⇥(m⌘0 �ma) ⇡ ⇥(m⌘0 �ma). (S26)

We turn this contribution o↵ above the ⌘0 mass, since the chiral rotation is no longer valid (see discussion in the main
text on the U(3) representation). We calculate the VMD-based contribution as a ! V V (0)

! ��, where the vector
mesons mix with the photons, which predicts the pseudoscalar P ! �� rates to O(10%) accuracy. This contribution
is given by
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where the phenomenological suppression of the VMD amplitude at higher masses—obtained in the Letter using
e+e� data—is contained in the function F(ma). As we will show below, the pQCD-based contribution from light
quarks surpasses the VMD-based one at ma ⇡ 2.1GeV. This is expected since, due to the suppression of the V V P
vertex at higher masses, contributions involving quark loops become dominant in the perturbative regime; therefore,
we transition from the VMD-based light-quark contribution to the pQCD-based one at the point where the pQCD
contribution is larger. The full pQCD-based result has contributions from both light and heavy quarks [26]
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These expressions are simplifications of those in Ref. [26], and even though they are accurate to O(10%) in the mass
range that we use them, our numerical results are obtained using the full expressions.

Figure S2 shows the various contributions to �a!�� compared to those from Ref. [26]. As expected, our result
agrees with that of Ref. [26] for ma . 0.2GeV and for ma & 2.1GeV, but is significantly di↵erent between these two
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where �Ka is given by

�Ka =

✓
1�

(mK + ma)2

m2
B

◆✓
1�

(mK � ma)2

m2
B

◆�1
2

, (9)

while f0(m2
a) is the form factor obtained from the light-

cone QCD sum rules [71, 72]:

f0(m
2
a) =

0.330

1� m2
a/37.5 GeV2 . (10)

III. PHENOMENOLOGY

To derive constraints on the axion decay constant as a
function of the mass we use di↵erent B decay measure-
ments.

• We first derive the constraint on inclusive b ! sa decay
based on PDG data BR(B+

! c̄X) = 97 ± 4% [66].
Thus, we require BR(b ! sa) < 1 � BR(b ! c) .
11%. Note that this constraint does not contain any
uncertainties coming from hadronization or calculation
of axion decay. Therefore this is most robust bound
derived in this paper. For inclusive branching fraction
we use:

BR(b ! sa) '

��CW

��2

�Bf2
a

(m2
B � m

2
a)

2

32⇡mB
, (11)

where �B is the width of B meson. The inclusive
b ! sa decay rules out the region marked by yel-
low in Fig. 4. In fact, this constraint is compara-
ble and in some cases more robust than the bounds
drawn for light meson phenomenology [42, 46], e.g.,
KL ! ⇡

0
a (��), ⌘

0
! ⇡⇡a (3⇡), � ! �a (⇡⇡�, ⌘⇡⇡)

and �p ! pa (��), displayed in grey in Fig. 4.

• Next we use exclusive final states a ! 3⇡, ��, KK⇡,
and ⌘⇡⇡ to perform axion search. We perform a peak
search except in a ! 3⇡ final state. To calculate cor-
responding branching fractions for axion decay we use
the data-driven approach given in Ref. [42] and use
branching fractions given in Fig. 3 of their paper. The
uncertainties in this approach for axion hadronic (par-
tial) widths are not estimated and therefore not in-
cluded in the following bounds. However, these can be
extracted by the same drive-driven method [42].

1. The constraints on the a ! 3⇡ channel, shown
by the blue region in Fig. 4 is derived based on
Belle analysis [67]. This analysis is applicable
to 0.73 GeV  ma  0.83 GeV. We require
BR

�
B

0
! K

0
a
�
BR

�
a ! ⇡

+
⇡
�

⇡
0
�

< 4.9 ⇥ 10�6,
which is from BR

�
B

0
! K

0
!
�

< 5.5⇥ 10�6 [67] and
BR

�
! ! ⇡

+
⇡
�

⇡
0
�
= 89%.

2. We use B ! K�� data of BaBar [68] to derive a con-
straint on the a ! �� channel, which is shown by the

orange region in Fig. 4. We assume the axion to be
at the center of each bin (see Fig. 5 of Ref. [68]) of
width 125 MeV. Despite experimental smearing, the
gaussian event distribution coming from the axion de-
cay is expected to be completely inside one of these
bins. From the perspective of peak search, we also
require the signal from the axion to be less than the
central value of the measurement augmented with 2�
uncertainty.

3. We analyze B ! Ka(! KK⇡) final state based on
Babar measurements [69]. The channel is studied at
LHCb using 3fb�1 data [73], but the sensitivity is cur-
rently weaker compared to Babar. The bound is shown
by the pink region in Fig. 4. To derive this bound, we
follow a similar strategy mentioned previously with
one di↵erence. The bin size for KK⇡ experimental
data is only 22.5 MeV (see Fig. 1(e) of Ref. [69]).
Hence, instead of assuming the axion mass to be at the
center of each bin, we assume it to be at the bound-
ary of adjacent bins. We then require the number of
events from the decay of the axion to be less than the
sum of central values of those two bins plus 2� un-
certainty, after subtracting non-resonant background
from the measurement. The merging of two bins cor-
rect for any spilling over e↵ect due to experimental
smearing. Further, experimental e�ciency is calcu-
lated based on binned data and final measurement of
the branching fraction given on Fig. 1 (e) and TA-
BLE I of [69] respectively. Finally, the data analysis
performed on KK⇡ measurement contains mass cut:
one of the K⇡ pair invariant mass is required to be
0.85 GeV . mK⇡ . 0.95 GeV. To apply this cut
on axion decay calculations we use a ! KK⇡ ma-
trix element given in Eq. (S59-S61) of [42]. However,
the result strongly depends on the experimental input
parameters that have large uncertainties. Because of
this uncertainties bound from this channel have or-
der one error close to the end of the mass spectrum
ma ⇠ 1.8 GeV.

4. For a ! ⌘⇡⇡ [69] in the 1.2 GeV < ma < 1.5 GeV
window, we do everything similarly to KK⇡ except
the mass cut. For ma < 1.2 GeV one can notice
that the number of measured events are less than
for ma > 1.2 GeV. Therefore, we take the weak-
est constraint from ma > 1.2 GeV region and ex-
tend this branching ratio bound for low axion mass
ma < 1.2 GeV. As depicted by the green shaded
region in Fig. 4, this channel provides the strongest
constraint on the parameter space.

• Finally we derive Belle II projection for a ! ⌘⇡⇡

search, shown as the green dashed curve in Fig. 4. To
estimate projection we first extrapolate BaBar’s con-
tinuous QCD background given on FIG.1 (f) of [69].
Next, we scale it with luminosity, assuming 5⇥1010 B̄B

pair at Belle II. Eventually, based on our result we cal-
culate standard deviation and require that signal from

• Require BR(b→sa) <11%
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ments.

• We first derive the constraint on inclusive b ! sa decay
based on PDG data BR(B+

! c̄X) = 97 ± 4% [66].
Thus, we require BR(b ! sa) < 1 � BR(b ! c) .
11%. Note that this constraint does not contain any
uncertainties coming from hadronization or calculation
of axion decay. Therefore this is most robust bound
derived in this paper. For inclusive branching fraction
we use:

BR(b ! sa) '

��CW

��2

�Bf2
a

(m2
B � m

2
a)

2

32⇡mB
, (11)

where �B is the width of B meson. The inclusive
b ! sa decay rules out the region marked by yel-
low in Fig. 4. In fact, this constraint is compara-
ble and in some cases more robust than the bounds
drawn for light meson phenomenology [42, 46], e.g.,
KL ! ⇡

0
a (��), ⌘

0
! ⇡⇡a (3⇡), � ! �a (⇡⇡�, ⌘⇡⇡)

and �p ! pa (��), displayed in grey in Fig. 4.

• Next we use exclusive final states a ! 3⇡, ��, KK⇡,
and ⌘⇡⇡ to perform axion search. We perform a peak
search except in a ! 3⇡ final state. To calculate cor-
responding branching fractions for axion decay we use
the data-driven approach given in Ref. [42] and use
branching fractions given in Fig. 3 of their paper. The
uncertainties in this approach for axion hadronic (par-
tial) widths are not estimated and therefore not in-
cluded in the following bounds. However, these can be
extracted by the same drive-driven method [42].

1. The constraints on the a ! 3⇡ channel, shown
by the blue region in Fig. 4 is derived based on
Belle analysis [67]. This analysis is applicable
to 0.73 GeV  ma  0.83 GeV. We require
BR

�
B

0
! K

0
a
�
BR

�
a ! ⇡

+
⇡
�

⇡
0
�

< 4.9 ⇥ 10�6,
which is from BR

�
B

0
! K

0
!
�

< 5.5⇥ 10�6 [67] and
BR

�
! ! ⇡

+
⇡
�

⇡
0
�
= 89%.

2. We use B ! K�� data of BaBar [68] to derive a con-
straint on the a ! �� channel, which is shown by the

orange region in Fig. 4. We assume the axion to be
at the center of each bin (see Fig. 5 of Ref. [68]) of
width 125 MeV. Despite experimental smearing, the
gaussian event distribution coming from the axion de-
cay is expected to be completely inside one of these
bins. From the perspective of peak search, we also
require the signal from the axion to be less than the
central value of the measurement augmented with 2�
uncertainty.

3. We analyze B ! Ka(! KK⇡) final state based on
Babar measurements [69]. The channel is studied at
LHCb using 3fb�1 data [73], but the sensitivity is cur-
rently weaker compared to Babar. The bound is shown
by the pink region in Fig. 4. To derive this bound, we
follow a similar strategy mentioned previously with
one di↵erence. The bin size for KK⇡ experimental
data is only 22.5 MeV (see Fig. 1(e) of Ref. [69]).
Hence, instead of assuming the axion mass to be at the
center of each bin, we assume it to be at the bound-
ary of adjacent bins. We then require the number of
events from the decay of the axion to be less than the
sum of central values of those two bins plus 2� un-
certainty, after subtracting non-resonant background
from the measurement. The merging of two bins cor-
rect for any spilling over e↵ect due to experimental
smearing. Further, experimental e�ciency is calcu-
lated based on binned data and final measurement of
the branching fraction given on Fig. 1 (e) and TA-
BLE I of [69] respectively. Finally, the data analysis
performed on KK⇡ measurement contains mass cut:
one of the K⇡ pair invariant mass is required to be
0.85 GeV . mK⇡ . 0.95 GeV. To apply this cut
on axion decay calculations we use a ! KK⇡ ma-
trix element given in Eq. (S59-S61) of [42]. However,
the result strongly depends on the experimental input
parameters that have large uncertainties. Because of
this uncertainties bound from this channel have or-
der one error close to the end of the mass spectrum
ma ⇠ 1.8 GeV.

4. For a ! ⌘⇡⇡ [69] in the 1.2 GeV < ma < 1.5 GeV
window, we do everything similarly to KK⇡ except
the mass cut. For ma < 1.2 GeV one can notice
that the number of measured events are less than
for ma > 1.2 GeV. Therefore, we take the weak-
est constraint from ma > 1.2 GeV region and ex-
tend this branching ratio bound for low axion mass
ma < 1.2 GeV. As depicted by the green shaded
region in Fig. 4, this channel provides the strongest
constraint on the parameter space.

• Finally we derive Belle II projection for a ! ⌘⇡⇡

search, shown as the green dashed curve in Fig. 4. To
estimate projection we first extrapolate BaBar’s con-
tinuous QCD background given on FIG.1 (f) of [69].
Next, we scale it with luminosity, assuming 5⇥1010 B̄B

pair at Belle II. Eventually, based on our result we cal-
culate standard deviation and require that signal from

• Float UV boundary conditions  
-3<A,B <3 ⇒3lines[ optimistic, pesmistic, A=B=0]

2

tal reach of B physics will be improved further in up-
coming years by LHCb (300 fb�1) and Belle II (5⇥ 1010

B-meson pairs). A promising channel is B ! Ka

with the axion subsequently decaying to hadrons, which
is induced at 2-loop,1 starting from the tree-level La-
grangian (1). The importance of this channel was pointed
out in [42, 64], but the required 2-loop calculation has not
been performed to date.

Our goal, therefore, is to perform this calculation and
obtain robust and competitive bounds for the heavy QCD
axion. We will also provide a projection for the reach of
Belle II.

II. CALCULATION OF b ! sa

Starting from the Lagrangian (1), the leading contri-
bution to b ! sa arises at 2-loop as shown in Fig. 1.
Cancelling UV divergences in these diagrams requires the
following additional interactions to be further included in
the Lagrangian:

L = · · ·+ Cqq

X

q

@µa

fa
q̄�

µ
�5q + Cbs

@µa

fa
s̄L�

µ
�5bL + h.c.,

(2)

where the ellipses denote the terms in Eq. (1) as well as
theose irrelevant for the b ! sa phenomenology of our
interest (see e.g. [65] for those other operators generated
at 1-loop from Eq. (1)). The Cqq term is generated at
1-loop from the diagram shown in Fig. 2 and necessary to
cancel 1-loop sub-divergences in Fig. 1. The Cbs term is
required to remove remaining divergences at 2-loop. We
have written the same coe�cient Cqq for all quark flavors
because we assume mt/⇤UV ⌧ 1 and ignore corrections
of order ⇠ m

2
t/⇤

2
UV, where ⇤UV is the cuto↵ of our EFT.

It is not necessary at the 2-loop level to modify the co-
e�cient of aG eG in Eq. (1) from ↵s/8⇡fa, provided that
the ↵s here is treated as the running coupling ↵s(µ).
While this claim is verified by an explicit calculation
in Appendix, it may be understood as follows. If we
treat the axion as an external field, the coe�cient of
(a/fa)G eG is completely fixed by matching the PQ-QCD-
QCD anomaly. All corrections from turning a back on as
a dynamical field involve the aG eG coupling itself at least
twice and hence negligibly small.

Although Cqq and Cbs are free parameters in the EFT,
their sizes must be consistent with the defining feature
of our framework that the aG eG interaction is the dom-
inant coupling of the axion to the SM. As we would
set Cqq and Cbs to zero for our scenario if there were

1 If there is an aWW̃ coupling, b ! sa is induced at one-loop
level [62] (see also [63]).
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FIG. 1. Leading 1-particle-irreducible diagrams for b ! sa
from the Lagrangian (1).
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FIG. 2. The diagram that generates the Cqq term of Eq. (2).

no UV divergences requiring their presence as counter-
terms, we regard them as having sizes roughly similar
to the coe�cients of the corresponding divergences (i.e.,
those of the 1/✏ poles in dimensional regularization). We
thus take Cqq ⇠ CF (↵s/4⇡)(g2s/16⇡

2) = CF (↵s/4⇡)2

(see Fig. 2) with CF = 4/3. For Cbs, we further include
two electroweak gauge couplings and GIM suppression
(see Fig. 1), so Cbs ⇠ CF (↵s/4⇡)2(↵w/4⇡)

P
k VkbV

⇤
ks⇠k,

where V is the CKM matrix and ⇠k ⌘ m
2
k/M

2
W with

k = u, c, t. Therefore, at the cuto↵ ⇤UV of our EFT,
where it is matched on to the UV theory, we parametrize
Cqq and Cbs as

Cqq(⇤UV) ⌘ ACF

✓
↵s

4⇡

◆2
,

Cbs(⇤UV) ⌘ BCF

✓
↵s

4⇡

◆2
↵w

4⇡

X

k

VikV
⇤
kj⇠k ,

(3)

where A and B are O(1) parameters that depend on the
UV model, and all the SM parameters are evaluated at
⇤UV . We will show, however, that our bounds on fa are
fairly insensitive to the exact values of A and B given
experimental uncertainties. Then, keeping in mind these
rough sizes of Cqq and Cbs, we find the leading RG run-
ning of Cqq and Cbs (see Appendix for the details of the

Updated bounds from B ! Ka 2102.04474 S. Chakraborty,  
M. Kraus, V. Loladze, T. Okui, KT

PDG2020



Kohsaku Tobioka, Florida State University 

 and B ! Ka a ! &#+##

14

• 3.9x108  , 0.85 GeV <ma<1.5 GeV


• take axion peak smearing same as η’ peak  
require  inside relevant 2 bins

BB̄

S < (D # B) + 2 D

Babar [0804.0411]  searchB+ ! K+&X( ! &##)

5

duction threshold.

We require the photon energies be at least 100MeV.
For the K0

S
candidates, we require the cosine of the angle

between the flight direction from the interaction point
and the momentum direction to be greater than 0.995,
and the measured proper decay time to be greater than 5
times its uncertainty. In the !X ! KK!+KK! ! KK"
decay channel, we require the K" or K" invariant mass
to satisfy 0.85 < mK! < 0.95GeV/c2 for either K±"" or
( )

K 0"" combinations.

We use the angle #T between the B-candidate thrust
axis and that of the rest of the event, and a Fisher dis-
criminant FL to reject the dominant e+e# ! quark-
antiquark background [18]. Both variables are calculated
in the e+e# center-of-mass frame. The discriminant com-
bines the polar angles of the B-candidate momentum vec-
tor and its thrust axis with respect to the beam axis, and
two moments of the energy flow around the B-candidate
thrust axis [18].

We suppress the background from B-decays into states
with D or cc̄ mesons by applying vetos on the invariant
masses of their decay products. The remaining back-
ground (less than 10%) comes from random combina-
tions of tracks from B decays, and from B+ ! KK!K+.
When more than one candidate is reconstructed, we se-
lect the one with the lowest combined $2 of the charged-
track vertex fit and of the invariant mass of the K0

S
or !

candidate relative to the PDG values [4].

We define the helicity angle #H as the angle between
the direction of the B meson and the normal vector to
the !X three-body decay plane in the !X rest frame. The
ideal distribution is uniform, H2, or (1"H2) for !X with
JP = 0#, 1#, or 1+, respectively, where H = cos #H.
The observed angular distribution can be parameterized
as a product of the ideal angular distribution for a given
spin and parity multiplied by an empirical acceptance
function parameterized as a polynomial P (|H|).
We use an unbinned, extended maximum-likelihood fit

to extract the event yields nj and the parameters ! of
the probability density functions (PDF) Pj . The index
j represents six event categories used in our data model:
the B+ ! !XK+ signal (four categories in each of the
two !X decay channels as shown in Table I), combinato-
rial background (mostly e+e# ! qq̄ production with a
few percent admixture of misreconstructed B-meson de-
cays), and a possible background from B ! KK!K (in
the !X ! KK! channel) or other B backgrounds (in the
!X ! !"" channel). The likelihood Li for each candidate
i is defined as Li =

!

j njPj(xi, !), where the PDF is
formed from the observables x = {mES,!E,FL,H,m}.
Here m is the invariant mass of the !X candidate.

We use a relativistic spin-J Breit–Wigner amplitude
parameterization for the invariant mass of an !X res-
onance with the nominal mass and width parameters
quoted in Table I. We model the decay kinematics as
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FIG. 1: Projections for B+
! KK!K+ (left column) and

B+
! !""K+ (right column) of (a,b) mES, (c,d) !E, (e,f) m

with a requirement applied on the signal-to-background prob-
ability ratio calculated with all variables except the one be-
ing plotted. The extended mass region in (f) includes the
!" resonance as a crosscheck. The nominal region is shown
in the inset. The solid (dashed) lines show the signal-plus-
background (background) PDF projections. The dotted line
shows the total PDF projection excluding the !(1475)K+

(left) or !(1295)K+ (right) final states. The dash-dotted lines
indicate the nonresonant component. The long-dashed line in
(e) represents the cross-check with the !(1475) resonance mass
(m0) and width (") parameters unconstrained, both resulting
in larger values.

!X ! KK! ! KK" and !X ! a0(980)" ! !"". For
the !X ! KK! mode, the !X invariant mass parameteri-
zation is corrected for phase space of the B+ ! KK!K+

decay and averaged over the K! ! K" invariant mass
values. We ignore the interference between the overlap-
ping resonances because it averages to zero for resonances
with di"erent quantum numbers or because these reso-
nances have di"erent final states, such as !(1405) and
!(1475). The former decays mainly to a0(980)" (or di-
rect KK") and the latter mainly to KK! [4]. We also
ignore the interference between the resonant and nonres-
onant decays based on indications from previous stud-
ies of !X decays [7, 8] and due to potentially di"erent
three-body structure. This interference e"ect would only
increase the significance estimate because the hypothesis
of zero yield is not a"ected and the likelihood of the nom-
inal fit could only improve. The significance is defined as
the square root of the change in 2 lnL when the yield is
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FIG. 2: Projections of the fit to the B0 ! !K0
S data enhanced in the signal region. Points with

error bars represent the data, and the solid black curves or histograms represent the fit results.
The signal enhancements, "0.04 GeV < !E < 0.03 GeV, Mbc > 5.27 GeV/c2, FBB̄/qq̄ > 1,
and r > 0.5, except for the enhancement of the fit observable being plotted, are applied to each

projection. (a), (b), (c), (d), and (e) show the !E, Mbc, FBB̄/qq̄, M3!, and H3! projections,
respectively. Green hatched curves show the B0 ! !K0

S signal component, dashed red curves
indicate the qq̄ background, and blue dotted curves show the BB̄ background component.
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• 7.7x108  pairs, 0.73 GeV <ma< 0.83 GeV


•  
⇒Recast   

BB̄

BR(B0 ! K0*) = 4.5 ± 0.4 ± 0.3 " 10#6

BR(B0 ! K0a, a ! #+###0) < 4.9 " 10#6
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Future Projections at Belle II
• Assume 5x1010  pairs  

for the future Belle II data


• Naive extrapolation  
[need actual data!]


• Can be improved  
e.g. side-band
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FIG. 2: Projections of the fit to the B0 ! !K0
S data enhanced in the signal region. Points with

error bars represent the data, and the solid black curves or histograms represent the fit results.
The signal enhancements, "0.04 GeV < !E < 0.03 GeV, Mbc > 5.27 GeV/c2, FBB̄/qq̄ > 1,
and r > 0.5, except for the enhancement of the fit observable being plotted, are applied to each

projection. (a), (b), (c), (d), and (e) show the !E, Mbc, FBB̄/qq̄, M3!, and H3! projections,
respectively. Green hatched curves show the B0 ! !K0

S signal component, dashed red curves
indicate the qq̄ background, and blue dotted curves show the BB̄ background component.
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extrapolation

a ! 3#

5

duction threshold.

We require the photon energies be at least 100MeV.
For the K0

S
candidates, we require the cosine of the angle

between the flight direction from the interaction point
and the momentum direction to be greater than 0.995,
and the measured proper decay time to be greater than 5
times its uncertainty. In the !X ! KK!+KK! ! KK"
decay channel, we require the K" or K" invariant mass
to satisfy 0.85 < mK! < 0.95GeV/c2 for either K±"" or
( )

K 0"" combinations.

We use the angle #T between the B-candidate thrust
axis and that of the rest of the event, and a Fisher dis-
criminant FL to reject the dominant e+e# ! quark-
antiquark background [18]. Both variables are calculated
in the e+e# center-of-mass frame. The discriminant com-
bines the polar angles of the B-candidate momentum vec-
tor and its thrust axis with respect to the beam axis, and
two moments of the energy flow around the B-candidate
thrust axis [18].

We suppress the background from B-decays into states
with D or cc̄ mesons by applying vetos on the invariant
masses of their decay products. The remaining back-
ground (less than 10%) comes from random combina-
tions of tracks from B decays, and from B+ ! KK!K+.
When more than one candidate is reconstructed, we se-
lect the one with the lowest combined $2 of the charged-
track vertex fit and of the invariant mass of the K0

S
or !

candidate relative to the PDG values [4].

We define the helicity angle #H as the angle between
the direction of the B meson and the normal vector to
the !X three-body decay plane in the !X rest frame. The
ideal distribution is uniform, H2, or (1"H2) for !X with
JP = 0#, 1#, or 1+, respectively, where H = cos #H.
The observed angular distribution can be parameterized
as a product of the ideal angular distribution for a given
spin and parity multiplied by an empirical acceptance
function parameterized as a polynomial P (|H|).
We use an unbinned, extended maximum-likelihood fit

to extract the event yields nj and the parameters ! of
the probability density functions (PDF) Pj . The index
j represents six event categories used in our data model:
the B+ ! !XK+ signal (four categories in each of the
two !X decay channels as shown in Table I), combinato-
rial background (mostly e+e# ! qq̄ production with a
few percent admixture of misreconstructed B-meson de-
cays), and a possible background from B ! KK!K (in
the !X ! KK! channel) or other B backgrounds (in the
!X ! !"" channel). The likelihood Li for each candidate
i is defined as Li =

!

j njPj(xi, !), where the PDF is
formed from the observables x = {mES,!E,FL,H,m}.
Here m is the invariant mass of the !X candidate.

We use a relativistic spin-J Breit–Wigner amplitude
parameterization for the invariant mass of an !X res-
onance with the nominal mass and width parameters
quoted in Table I. We model the decay kinematics as
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FIG. 1: Projections for B+
! KK!K+ (left column) and

B+
! !""K+ (right column) of (a,b) mES, (c,d) !E, (e,f) m

with a requirement applied on the signal-to-background prob-
ability ratio calculated with all variables except the one be-
ing plotted. The extended mass region in (f) includes the
!" resonance as a crosscheck. The nominal region is shown
in the inset. The solid (dashed) lines show the signal-plus-
background (background) PDF projections. The dotted line
shows the total PDF projection excluding the !(1475)K+

(left) or !(1295)K+ (right) final states. The dash-dotted lines
indicate the nonresonant component. The long-dashed line in
(e) represents the cross-check with the !(1475) resonance mass
(m0) and width (") parameters unconstrained, both resulting
in larger values.

!X ! KK! ! KK" and !X ! a0(980)" ! !"". For
the !X ! KK! mode, the !X invariant mass parameteri-
zation is corrected for phase space of the B+ ! KK!K+

decay and averaged over the K! ! K" invariant mass
values. We ignore the interference between the overlap-
ping resonances because it averages to zero for resonances
with di"erent quantum numbers or because these reso-
nances have di"erent final states, such as !(1405) and
!(1475). The former decays mainly to a0(980)" (or di-
rect KK") and the latter mainly to KK! [4]. We also
ignore the interference between the resonant and nonres-
onant decays based on indications from previous stud-
ies of !X decays [7, 8] and due to potentially di"erent
three-body structure. This interference e"ect would only
increase the significance estimate because the hypothesis
of zero yield is not a"ected and the likelihood of the nom-
inal fit could only improve. The significance is defined as
the square root of the change in 2 lnL when the yield is
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FIG. 2: Projections of the fit to the B0 ! !K0
S data enhanced in the signal region. Points with

error bars represent the data, and the solid black curves or histograms represent the fit results.
The signal enhancements, "0.04 GeV < !E < 0.03 GeV, Mbc > 5.27 GeV/c2, FBB̄/qq̄ > 1,
and r > 0.5, except for the enhancement of the fit observable being plotted, are applied to each

projection. (a), (b), (c), (d), and (e) show the !E, Mbc, FBB̄/qq̄, M3!, and H3! projections,
respectively. Green hatched curves show the B0 ! !K0

S signal component, dashed red curves
indicate the qq̄ background, and blue dotted curves show the BB̄ background component.
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between the flight direction from the interaction point
and the momentum direction to be greater than 0.995,
and the measured proper decay time to be greater than 5
times its uncertainty. In the !X ! KK!+KK! ! KK"
decay channel, we require the K" or K" invariant mass
to satisfy 0.85 < mK! < 0.95GeV/c2 for either K±"" or
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K 0"" combinations.

We use the angle #T between the B-candidate thrust
axis and that of the rest of the event, and a Fisher dis-
criminant FL to reject the dominant e+e# ! quark-
antiquark background [18]. Both variables are calculated
in the e+e# center-of-mass frame. The discriminant com-
bines the polar angles of the B-candidate momentum vec-
tor and its thrust axis with respect to the beam axis, and
two moments of the energy flow around the B-candidate
thrust axis [18].

We suppress the background from B-decays into states
with D or cc̄ mesons by applying vetos on the invariant
masses of their decay products. The remaining back-
ground (less than 10%) comes from random combina-
tions of tracks from B decays, and from B+ ! KK!K+.
When more than one candidate is reconstructed, we se-
lect the one with the lowest combined $2 of the charged-
track vertex fit and of the invariant mass of the K0
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candidate relative to the PDG values [4].

We define the helicity angle #H as the angle between
the direction of the B meson and the normal vector to
the !X three-body decay plane in the !X rest frame. The
ideal distribution is uniform, H2, or (1"H2) for !X with
JP = 0#, 1#, or 1+, respectively, where H = cos #H.
The observed angular distribution can be parameterized
as a product of the ideal angular distribution for a given
spin and parity multiplied by an empirical acceptance
function parameterized as a polynomial P (|H|).
We use an unbinned, extended maximum-likelihood fit

to extract the event yields nj and the parameters ! of
the probability density functions (PDF) Pj . The index
j represents six event categories used in our data model:
the B+ ! !XK+ signal (four categories in each of the
two !X decay channels as shown in Table I), combinato-
rial background (mostly e+e# ! qq̄ production with a
few percent admixture of misreconstructed B-meson de-
cays), and a possible background from B ! KK!K (in
the !X ! KK! channel) or other B backgrounds (in the
!X ! !"" channel). The likelihood Li for each candidate
i is defined as Li =
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j njPj(xi, !), where the PDF is
formed from the observables x = {mES,!E,FL,H,m}.
Here m is the invariant mass of the !X candidate.

We use a relativistic spin-J Breit–Wigner amplitude
parameterization for the invariant mass of an !X res-
onance with the nominal mass and width parameters
quoted in Table I. We model the decay kinematics as
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FIG. 1: Projections for B+
! KK!K+ (left column) and

B+
! !""K+ (right column) of (a,b) mES, (c,d) !E, (e,f) m

with a requirement applied on the signal-to-background prob-
ability ratio calculated with all variables except the one be-
ing plotted. The extended mass region in (f) includes the
!" resonance as a crosscheck. The nominal region is shown
in the inset. The solid (dashed) lines show the signal-plus-
background (background) PDF projections. The dotted line
shows the total PDF projection excluding the !(1475)K+

(left) or !(1295)K+ (right) final states. The dash-dotted lines
indicate the nonresonant component. The long-dashed line in
(e) represents the cross-check with the !(1475) resonance mass
(m0) and width (") parameters unconstrained, both resulting
in larger values.

!X ! KK! ! KK" and !X ! a0(980)" ! !"". For
the !X ! KK! mode, the !X invariant mass parameteri-
zation is corrected for phase space of the B+ ! KK!K+

decay and averaged over the K! ! K" invariant mass
values. We ignore the interference between the overlap-
ping resonances because it averages to zero for resonances
with di"erent quantum numbers or because these reso-
nances have di"erent final states, such as !(1405) and
!(1475). The former decays mainly to a0(980)" (or di-
rect KK") and the latter mainly to KK! [4]. We also
ignore the interference between the resonant and nonres-
onant decays based on indications from previous stud-
ies of !X decays [7, 8] and due to potentially di"erent
three-body structure. This interference e"ect would only
increase the significance estimate because the hypothesis
of zero yield is not a"ected and the likelihood of the nom-
inal fit could only improve. The significance is defined as
the square root of the change in 2 lnL when the yield is
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                  Due to a→hadrons, even future beam-dump exps are not sensitive

4. measurements on processes driven by the s æ d penguin diagram, as K±
æ fi±““ [332]

and KL æ fi0““ [333], are used to recast limits on ALPs.

For cases 2) and 3) listed above, at one loop, the agg vertex generates an axial-vector
att coupling [334] which enhances the rate for B æ K(ú)a decays [30, 335–337]. Following
Ref. [325] the UV-dependent factor contained in the loop, ¥ [log�2

UV/m2
t ± O(1)], is

approximated to unity (which corresponds to a UV scale ≥ TeV).

Figure 41: Current bounds (as coloured filled areas) and the prospects for PBC projects
(solid lines) both on 5- (FASER) and 10-15 year (CODEX-b, MATHUSLA200, FASER2)
timescale. The CHARM gray filled area has been computed by F. Kling, recasting the search
for long-lived particles decaying to two photons performed at CHARM [195]. Other coloured
filled areas are kindly provided by Mike Williams and revisited from Ref. [325]. The gray
areas depend on UV completion and the results shown assume ¥ [log�2
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For cases 2) and 3) listed above, at one loop, the agg vertex generates an axial-vector
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Summary and Discussion

• Promising channels at Belle II 
 inclusive  ⇒Dedicated analysis


• Other channels:  
are feasible?  

a ! #0#+##, &#+##,

invisible, ((, #+##(, VV
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Other channels
Babar [0804.0411] 

 searchB+ ! K+&X( ! KK* ! KK#)

20

5

duction threshold.

We require the photon energies be at least 100MeV.
For the K0

S
candidates, we require the cosine of the angle

between the flight direction from the interaction point
and the momentum direction to be greater than 0.995,
and the measured proper decay time to be greater than 5
times its uncertainty. In the !X ! KK!+KK! ! KK"
decay channel, we require the K" or K" invariant mass
to satisfy 0.85 < mK! < 0.95GeV/c2 for either K±"" or
( )

K 0"" combinations.

We use the angle #T between the B-candidate thrust
axis and that of the rest of the event, and a Fisher dis-
criminant FL to reject the dominant e+e# ! quark-
antiquark background [18]. Both variables are calculated
in the e+e# center-of-mass frame. The discriminant com-
bines the polar angles of the B-candidate momentum vec-
tor and its thrust axis with respect to the beam axis, and
two moments of the energy flow around the B-candidate
thrust axis [18].

We suppress the background from B-decays into states
with D or cc̄ mesons by applying vetos on the invariant
masses of their decay products. The remaining back-
ground (less than 10%) comes from random combina-
tions of tracks from B decays, and from B+ ! KK!K+.
When more than one candidate is reconstructed, we se-
lect the one with the lowest combined $2 of the charged-
track vertex fit and of the invariant mass of the K0

S
or !

candidate relative to the PDG values [4].

We define the helicity angle #H as the angle between
the direction of the B meson and the normal vector to
the !X three-body decay plane in the !X rest frame. The
ideal distribution is uniform, H2, or (1"H2) for !X with
JP = 0#, 1#, or 1+, respectively, where H = cos #H.
The observed angular distribution can be parameterized
as a product of the ideal angular distribution for a given
spin and parity multiplied by an empirical acceptance
function parameterized as a polynomial P (|H|).
We use an unbinned, extended maximum-likelihood fit

to extract the event yields nj and the parameters ! of
the probability density functions (PDF) Pj . The index
j represents six event categories used in our data model:
the B+ ! !XK+ signal (four categories in each of the
two !X decay channels as shown in Table I), combinato-
rial background (mostly e+e# ! qq̄ production with a
few percent admixture of misreconstructed B-meson de-
cays), and a possible background from B ! KK!K (in
the !X ! KK! channel) or other B backgrounds (in the
!X ! !"" channel). The likelihood Li for each candidate
i is defined as Li =

!

j njPj(xi, !), where the PDF is
formed from the observables x = {mES,!E,FL,H,m}.
Here m is the invariant mass of the !X candidate.

We use a relativistic spin-J Breit–Wigner amplitude
parameterization for the invariant mass of an !X res-
onance with the nominal mass and width parameters
quoted in Table I. We model the decay kinematics as
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FIG. 1: Projections for B+
! KK!K+ (left column) and

B+
! !""K+ (right column) of (a,b) mES, (c,d) !E, (e,f) m

with a requirement applied on the signal-to-background prob-
ability ratio calculated with all variables except the one be-
ing plotted. The extended mass region in (f) includes the
!" resonance as a crosscheck. The nominal region is shown
in the inset. The solid (dashed) lines show the signal-plus-
background (background) PDF projections. The dotted line
shows the total PDF projection excluding the !(1475)K+

(left) or !(1295)K+ (right) final states. The dash-dotted lines
indicate the nonresonant component. The long-dashed line in
(e) represents the cross-check with the !(1475) resonance mass
(m0) and width (") parameters unconstrained, both resulting
in larger values.

!X ! KK! ! KK" and !X ! a0(980)" ! !"". For
the !X ! KK! mode, the !X invariant mass parameteri-
zation is corrected for phase space of the B+ ! KK!K+

decay and averaged over the K! ! K" invariant mass
values. We ignore the interference between the overlap-
ping resonances because it averages to zero for resonances
with di"erent quantum numbers or because these reso-
nances have di"erent final states, such as !(1405) and
!(1475). The former decays mainly to a0(980)" (or di-
rect KK") and the latter mainly to KK! [4]. We also
ignore the interference between the resonant and nonres-
onant decays based on indications from previous stud-
ies of !X decays [7, 8] and due to potentially di"erent
three-body structure. This interference e"ect would only
increase the significance estimate because the hypothesis
of zero yield is not a"ected and the likelihood of the nom-
inal fit could only improve. The significance is defined as
the square root of the change in 2 lnL when the yield is

a ! KK#

• 3.9x108  , 1.4 GeV <ma<1.8 GeV


• take 2 bins around the axion mass (45MeV) 

BB̄

S < (D # B) + 2 D

• 4.6x108 , 2 GeV <ma<3 GeV


• take 1 bin around the axion mass (125MeV) 
require  inside relevant bins

BB̄

2 D

11

TABLE II: Branching fraction and charge asymmetry results
for B ! !!K in the region m!! < 2.85 GeV. The statisti-
cal significance is given by

!

2 ln(Lmax/L0), where Lmax is
the maximum likelihood and L0 is the likelihood for the hy-
pothesis of no !!K signal. The significance does not include
systematic uncertainties.

B+ ! !!K+ B0 ! !!K0

Events to fit 1535 293
Fit signal yield 178 ± 15 40 ± 7

ML-fit bias (events) 3.0 ± 0.5 0.0 ± 0.2
MC e!ciency (%) 28.0 22.5

"Bi(%) 24.2 8.4
Stat. significance 24 11

B(10!6) 5.6 ± 0.5 ± 0.3 4.5 ± 0.8 ± 0.3

Signal ACP "0.10 ± 0.08 ± 0.02 -
Comb. Bkg. ACP 0.02 ± 0.03 -
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FIG. 5: Fitted B+ ! !!K+ yield as a function of m!!.
Each point shows the results of a maximum likelihood fit of
the events in that bin. The inset is the same data with an
expanded vertical range to show the shape of the non-resonant
component more clearly. The yield has been divided by the
bin width and scaled by 0.027 GeV, which is the bin width
of the three bins in the "c resonance region ([2.94,3.02] GeV
and dashed vertical lines in the inset). The two narrow bins
above the "c are centered on the #c0 (bin range [3.400,3.430]
GeV) and the #c2 (bin range [3.552,3.560] GeV).

where the first uncertainty is statistical and the second
uncertainty is systematic. The value above includes the
same 1% bias correction and has the same 2% overall
systematic uncertainty as the signal charge asymmetry
below the !c resonance as described above.
The fit yields 100 ± 10 signal candidates. Using

B(B+ ! !cK+) = (9.1± 1.3)" 10!4 and B(!c ! "") =
(2.7 ± 0.9) " 10!3 from the PDG [23], a B+ ! ""K+;
" ! K+K! reconstruction e!ciency of 29% in the
!c resonance region, and an e!ciency of 78% for the
m!! window of [2.94,3.02] GeV for the !c resonance, we

TABLE III: Fit results for B+ ! !!K+ within "c resonance
region (m!! within [2.94,3.02] GeV). The signal charge asym-
metry ACP has been corrected by adding +0.010 ± 0.005 to
the fitted asymmetry.

ML fit quantity/Analysis B+ ! !!K+

Events to fit 181
Fit signal yield 100 ± 10

MC e!ciency (%) 29.2
Corr. Signal ACP "0.09 ± 0.10 ± 0.02
Comb. Bkg. ACP "0.06 ± 0.11

would expect 62 ± 22 signal events, ignoring the non-
resonant B+ ! ""K+ contribution and any interfer-
ence between the resonant !c and non-resonant ampli-
tudes. We do not use our B+ event yield to measure
B(B+ ! !cK+) " B(!c ! "") due to the potentially
large interference e"ects between the resonant and non-
resonant "" amplitudes which we can not easily quantify.

The ACP may integrate to zero, even if there is a con-
tributing non-Standard-Model amplitude with a non-zero
CP violating phase. However, in this case the phase vari-
ation of the !c resonance amplitude could give non-zero
ACP values with opposite signs above and below the peak
of the resonance. We have performed the measurement in
two ranges, splitting the !c region into two regions (above
and below the peak of the resonance). The results are

ACP (m!! in [2.94, 2.98] GeV) = #0.10± 0.15± 0.02

ACP (m!! in [2.98, 3.02] GeV) = #0.08± 0.14± 0.02,

both of which are consistent with zero, as expected in the
Standard Model.

V. ANGULAR STUDIES

We use the angular variables that describe the B+ !
""K+ decay to investigate the spin components of the
"" system below and within the !c resonance. The angles
are defined as follows.

• !i, (i = 1, 2) : The #i angle is the angle between the
momentum of the K+ coming from the decay of "i
in the "i rest frame with respect to the boost di-
rection from the "" rest frame to the "i rest frame.

• ": The $ angle is the dihedral angle between the
"1 and "2 decay planes in the "" rest frame.

• !!!: The #!! angle is the angle between one of
the " mesons in "" rest frame with respect to the
boost direction from the B+ rest frame to the ""
rest frame.

a ! '' Babar [1105.5159]  
  searchB ! K''

B
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Impact of other couplings

• As long as the strong CP problem is concerned, can’t drop  
⇒Hadronic decay modes are still dominant  (а→γγ can be enhanced).  
*Many ALPs can’t solve the strong CP because  is omitted.

aGG̃

aGG̃

21

• We’ve considered  coupling.    is from 2-loop (our work).aGG̃ B ! Ka

• Other reasonable couplings  → Production from 1-loop, more signal rate. 
"w

8#
a
fa

WW̃ 1611.09355 , E. Izaguirre, T. Lin, B. Shuve

2

di dju/c/t

a

W

FIG. 1. Axion-like particle production in flavor-changing
down-type quark decay, di ! dj + a .

bosons,

L = (@µa)2 � 1

2
M2

aa2 � gaW

4
a W a

µ⌫W̃ aµ⌫ , (2)

where the gaW coupling is the leading term in the EFT
expansion. This situation could arise if all fermions
charged under the PQ symmetry possess only SU(2)W

gauge interactions, although models where a additionally
couples to the hypercharge gauge bosons give qualita-
tively similar results (see Appendix A). After electroweak
symmetry breaking, the coupling gaW generates interac-
tions between a and W+W�, as well as ZZ, Z�, and ��
in ratios given by the weak mixing angle.

We have computed the contribution of Eq. (2) to the
amplitude for di ! dja depicted in Fig. 1. The result is
replicated by the following e↵ective interaction (assuming
negligible up-quark mass):

Ldi!dj � �gadidj (@µa) d̄j�
µPLdi + h.c., (3)

gadidj ⌘ �3
p

2GFM2
W gaW

16⇡2

X

↵2c,t

V↵iV
⇤
↵jf(M2

↵/M2
W ),

f(x) ⌘ x [1 + x(log x � 1)]

(1 � x)2
,

where GF is the Fermi constant and Vij are the rele-
vant entries of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. Note that f(x) ⇡ x for x ⌧ 1 such that the
interaction is proportional to M2

↵/M2
W for M↵ ⌧ MW .

There is an additional contribution to the e↵ective cou-
pling suppressed by factors of the external quark masses
(⇠ M2

di
/M2

W ) that we have neglected to write in Eq. (3).
For flavor-changing couplings, the result is finite

and depends only on the IR value of the e↵ective
coupling gaW : while individual diagrams in Fig. 1 are
UV divergent, the divergences cancel when summed
over intermediate up-type quark flavors. Because the
divergent terms are independent of quark mass, the
unitarity of the CKM matrix requires that they sum
to zero. This is in contrast with models possessing a
direct ALP-quark coupling, in which the FCNC rate is
sensitive to the UV completion of the theory [44, 45].

Diphoton Searches for ALPs: We now discuss the
prospects for the sensitivity of current and future probes

to the ALP model in Eq. (2). We divide our discussion
according to the two principal production modes: sec-
ondary ALP production from rare decays of SM mesons,
and primary ALP production at colliders.

ALP production in rare meson decays is, by far, the
most promising new search mode. The quark coupling
in Eq. (3) mediates FCNC decays of heavy-flavor mesons
such as B ! K(⇤)a and K ! ⇡a. To compute the rates
of B-meson decays to pseudoscalar and vector mesons,
we employ the hadronic matrix elements calculated using
light-cone QCD sum rules [50, 51]. For K± ! ⇡±a, we
use the hadronic matrix element resulting from the Con-
served Vector Current hypothesis [52–54] in the flavor-
SU(3) limit assuming small momenta. The matrix ele-
ment for K0 ! ⇡0a is related to that of K± ! ⇡±a by
isospin symmetry, and so the matrix element for the KL

(KS) mass eigenstate is found by taking the imaginary
(real) part of the K± ! ⇡±a matrix element [55]. We
keep only the leading terms from Eq. (3) that are unsup-
pressed by external momenta. The decay rates are:

�(B ! Ka) =
M3

B

64⇡
|gabs|2

✓
1 � M2

K

M2
B

◆2

f2
0 (M2

A) �1/2
Ka ,

�(B ! K⇤a) =
M3

B

64⇡
|gabs|2 A2

0(M
2
a ) �3/2

K⇤a,

�(K+ ! ⇡+a) =
M3

K+

64⇡

✓
1 �

M2
⇡+

M2
K+

◆2

|gasd|2 �1/2
⇡+a,

�(KL ! ⇡0a) =
M3

KL

64⇡

✓
1 �

M2
⇡0

M2
KL

◆2

Im(gasd)
2 �1/2

⇡0a,

where �Ka =
h
1 � (Ma+MK)2

M2
B

i h
1 � (Ma�MK)2

M2
B

i
, along

with analogously defined �K⇤a, and �⇡+,0a. f0(q) and
A0(q) are appropriate form factors from the hadronic
matrix elements, obtained from Refs. [50] and [51], re-
spectively. For the a mass range we study, Ma ⌧ MW ,
the dominant decay mode is a ! ��.

We begin our phenomenological study with the sig-
nature B ! K(⇤)a, a ! ��, which has the best sensi-
tivity to ALPs. While the same rare meson decay with
a ! �� is also predicted in models with pseudoscalars
possessing only direct quark couplings [48], the diphoton
mode is only dominant for ALP masses below the pion
threshold in those scenarios. Moreover, to our knowledge,
no such search has been carried out, nor has the SM
continuum process B ! K(⇤)�� been previously mea-
sured [56]. There are measurements of the processes
B ! K(⇤)⇡0, ⇡0 ! �� at BaBar and Belle [57–60],
which are similar to our proposed ALP searches but are
restricted to M�� ⇠ M⇡0 . These branching ratios are
measured with 2� uncertainties ⇠ 10�6, thus this value
serves as a concrete benchmark for conservatively esti-
mating the sensitivity to B ! K(⇤)a. Since the ALP
searches are a straightforward resonance search, however,
backgrounds can be estimated using sidebands, and we
expect current and future B-factories will have even bet-
ter sensitivity to Br(B ! K(⇤)a).

For axion-quark coupling example, see 2002.04623 
J. Martin Camalich, M. Pospelov, P. N. H. Vuong, R. Ziegler, J. Zupan

• Lepton-axion couplings are optional. Cleaner signal as  
but other bounds become more stringent too  (e.g. LEP, LHC)

B ! Ka( ! $$)
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Additional motivation: Quality problem
• Parameter for axion DM:  fa=109-1013 GeV


• With such high fa, known theoretical issue: “axion (PQ) quality problem”


• Any global symmetry including U(1) PQ expected to be broken by the gravity 

22

Even tiny breaking  

• The heavy QCD axion has no issue because fa is much lower.  
fa  below 10TeV is generically OK. 

Need model building→going to non-minimal is necessary

&!̄' > 10#10!

Refs

+2 !+ !4

M2
pl

! f 5
a

M2
pl

a

easily ruins axion-solution for the strong CP problem 
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Lifetime
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