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Before start… 

B-factory is quite unique

ktobioka@fsu.edu  not @ufl.edu…

->My wish list for young exp colleagues. [5 modes]

https://www.irasutoya.com/

• Originally I wanted to overview many proposals for Belle II,  
but I realize I already have many for given time. [Apologies!]

• I'm attending only Mon/Tue/(Wed?), but feel free to interact/email or ZOOM. 
Many collaborations with experimentalists started over corridor chats (for me). 
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16 Dark Sectors and Light Higgs
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Fig. 210: Production of an Axion–like particle in association with a photon.

The three photon search will provide access to parameter space that is not addressed by

any current measurements. At higher masses, ma & 200 MeV/c2, the three photons are well

separated. At lower masses, the ALP is su�ciently boosted that the two decay photons

overlap in the calorimeter or, at the lowest masses, form a cluster that is reconstructed with

only a single local maximum. The calorimeter group is developing software to reconstruct

merged ⇡0 mesons that can be adapted for this analysis. However, the low mass region

will also be a challenge for the trigger system, particularly at level 1, where the signal is

indistinguishable from e+e� ! ��. The problem is not that these signals are di�cult to

trigger on, but rather that the plan is to prescale the �� final state to reduce the throughput

to the high level trigger, and to reduce the rate of events stored to disk. The preferred

solution would be to delay the decision to reject �� events to the HLT and apply no prescale

at level 1 for the �� trigger. The Belle II sensitivity for visible and invisible ALPs has been

studied in detail in [1838].

It has been suggested [1805] to search for the ALP in the flavour-changing neutral current

decay B+ ! K(⇤)+a, which is governed by the coupling gaWW of the ALP to W+W�. The

decay a ! �� produces a final state similar to K+⇡0. Both BaBar and Belle have measured

this branching fraction with uncertainties of a few ⇥10�7 [727, 1839]. Similar uncertainties

in an ALP search would provide significant constraints on ALP coupling to heavy charged

bosons. Extrapolating to the full Belle II data set requires work, as the existing analyses are

systematics dominated.

The a ! invisible case produces a monoenergetic K(⇤)+ in the B+ rest frame. Such searches

use the fully-reconstructed B sample, and would be similar to the BaBar search for B+ !
K(⇤)+J/ , J/ ! invisible [624]. This search was statistically limited, and could exploit the

much larger data set that will be available to Belle II.

16.2.3. Search for Dark Photons decaying into charged leptons and charged hadrons. If

there are no kinematically accessible dark sector final states available, dark photons pro-

duced via the ISR reaction e+e� ! �ISRA0 will decay to Standard Model particles, with

branching fractions equal to a virtual photon of that mass. Particularly useful final states

include µ+µ�, e+e�, and h+h�, where h is a charged pion or kaon. BaBar has searched

for prompt decays to e+e� and µ+µ� [1831], setting upper limits on the kinematic mixing
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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
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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).

Only electroweak boson couplings!!

‣ Many interesting channels 
with hadronic/gluon couplings 
Heavy QCD axionThis list will be expanded [all the afternoon talks!]

[S. Gori’s talk for lepton couplings.]
4



Strong CP problem and QCD Axion

• The unknown of the SM: CP phase in the strong sector

• Neutron EDM sets a very stringent upper bound: θ̄ ≲ 10−10

5

αsθ̄
8π

GaμνG̃aμν

• We expect the order 1 number because CP is violated in the CKM matrix 
(thanks to Belle and Babar).  
If we start from CP conserving theory for θ, we need to break it to explain CKM.

The strong CP problem 

CP odd
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• The unknown of the SM: CP phase in the strong sector

• Neutron EDM sets a very stringent upper bound: θ̄ ≲ 10−10
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αsθ̄
8π

GaμνG̃aμν

• We expect the order 1 number because CP is violated in the CKM matrix 
(thanks to Belle and Babar).  
If we start from CP conserving theory for θ, we need to break it to explain CKM.

The strong CP problem 

• Promote  to a field  dynamically settles the CP phase  
to the minimum.  

• Peccei-Quinn symmetry: Global U(1) that generates the axion 
as a Nambu-Goldstone boson. fa is the breaking scale.  

• Attractive dark matter candidate, typically ma<meV. 

θ̄ a/fa
QCD Axion solution

αs

8π
a
fa

GaμνG̃aμν
after QCD phase transition

⟨θ̄⟩ ≲ 10−10



From QCD Axion to Heavy QCD Axion
• Standard QCD axion has mass prediction

7

ma ∼
mπ fπ

fa
∼ 0.1MeV ( 100GeV

fa )

ma ∼ (m2
0 +

mπ fπ
fa )

1/2

≫
mπ fπ

fa

• Heavy QCD axion, axion heavier than “standard mass” Models: additional QCD SU(3)’ to raise ma 
Berezhiani et al(‘01); Hook(’04);  Fukuda et al(‘04). 

Dimopoulos et al(’16); Hook et al(’19); Valenti (’22)… 
Another class: Agrawal and Howe (’17)…



From QCD Axion to Heavy QCD Axion
• Standard QCD axion has mass prediction
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ma ∼
mπ fπ

fa
∼ 0.1MeV ( 100GeV

fa )

ma ∼ (m2
0 +

mπ fπ
fa )

1/2

≫
mπ fπ

fa

• Heavy QCD axion, axion heavier than “standard mass”

✴It it not dark matter  
because it decays in cosmological time scale

Why interesting?  
1. Viable with lower fa .  Should cover ma>100MeV.  
2. Better quality of PQ symmetry  
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FIG. 5. 90% C.L. exclusion bounds (filled contours) and projected limits (empty contours) for scenarios (i)-(iii) for all KOTO
setups considered compared to the exclusions from beam dump experiments, exclusion from B ! Ka and K ! ⇡a decays
and the bound from the supernova SN1987A (shown as a dashed line as it is affected by significant uncertainties see, e.g.,
Refs. [51, 55]).

no SM background there. Even though our derived con-
straints based on KOTO 2015 dataset are currently not
competitive, they reaffirm the constraints obtained with
experiments of very different topology and proton impact
energy. We have also shown in Fig. 5 that KOTO in Step
2 can indeed explore new parameter space for axions with
cGG coupling and ma & 100MeV, without changes of the
main analysis steps.

Second, we have evaluated projections of KOTO run-
ning in the beam dump mode as recently presented by
the collaboration [46]. Here we have shown that KOTO,
due to its low proton beam energy and large angle be-
tween the beam and the detector, can especially well ex-
plore parameter space at very low couplings, complemen-
tary to such searches at higher energies e.g., NA62 [7],
FASER [63] or DarkQuest [64]. Although the analysis in
beam dump mode is suitable for searches for long-lived
particles, the sensitivity to the axions is weaker than in
the kaon mode because the expected statistics is signifi-

cantly lower considering the KOTO physics goals.

In this study, we have focused on the axions to demon-
strate the proof of concept, whereas similar analyses
could be performed to update the bounds of other long-
lived particles from past proton-beam experiments. Fur-
thermore, a dedicated analysis for long-lived particles
rather than reinterpretation of the KL ! ⇡0⌫⌫̄ analy-
sis could further improve the sensitivity although it re-
quires additional background studies. This work also up-
dates the Alpinist framework [65] to include the KOTO
geometry and the kinematics of the various processes.
Thereby, other scenarios, including axions with different
parameter combinations, can be easily studied. Following
other patches to the Alpinist code during the develop-
ment, the sensitivity contours for other future and past
experiments are also updated. All updates are publicly
available in the framework repository [65].

Models: additional QCD SU(3)’ to raise ma 
Berezhiani et al(‘01); Hook(’04);  Fukuda et al(‘04). 

Dimopoulos et al(’16); Hook et al(’19); Valenti (’22)… 
Another class: Agrawal and Howe (’17)…



ALPs:Axion-like Particles vs Heavy QCD Axion

8

αWc2

8π
aWW̃

ma ≫
mπ fπ

fa• mass  

• couplings 

Completely free Heavier than standard one

α1c1

8π
aBB̃

αEMcγ

8π
aFF̃ =

gaγγ

4
aFF̃

‣Typical ALPs ‣Heavy QCD Axion

Must:

aBB̃, aWW̃, aFF̃Optional:

cgαs

8π
a
fa

GaμνG̃aμν
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Why Belle II is unique? Resonance search
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σ ⋅ BR ∼
Γprod

maE2
CM

Γdecay

Γtot

• To get ideas, consider resonance search, from LHC to lower mass

α2
s ≫ α2

EM → Γtot ∼ Γg ≫ Γγ

Using narrow width approximation with cγ~cg:

Prod          BR

Gluon fusion 
 
 

Photon fusion, brem 
 

Γg

Γtot
: a → hadrons

Γγ

Γtot
: a → γγ

Γg
∼ Γg

Γγ

∼ Γγ
∼

Γ2
γ

Γg
∼ 10−2Γγ
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Figure 8: Parameter space of the ALP for 21 = 22 = 23 = 10 (Eq. (2)). The observed and expected lower bounds on the
ALP decay constant derived from this analysis are shown in black solid and dashed lines respectively. BABAR bounds on
⌫ !  0 derived in Ref. [72] are shown in purple; in green the LHC bounds on boosted dÚet resonances [73] and in
blue the LHC searches for diphoton resonances taken from Ref. [67]. The red bounds are derived from Tevatron [74]
and LHC [57, 75, 76] diphoton cross-section measurements, following the method described in Ref. [67]. Weaker
constraints covering lower invariant masses are obtained from LHCb diphoton measurements [77] and from LEP
searches for / ! W0( 9 9) [78], in cyan and yellow respectively. On the right, the H-axis shows the ALP–photon
coupling 60WW ⌘ Uem⇢/c 50 (⇢ = 22 + 5

321), a standard QCD axion notation.

The recasting is done by comparing the theoretical signal yield obtained from the ALP model of Eq. (2), after
applying the particle-level selection described in Section 4, with the bounds on the fiducial cross-section in
Figure 7. The signal cross-section times branching ratio can be written as 1/ 5 2

0 times a weakly varying
function of the ALP mass. The upper limit on the cross-section then results in a lower limit on 50, which is
shown in Figure 8 for a specific choice of the 28 coe�cients.

Figure 8 shows how the expected sensitivity of the search presented here covers a large portion of the
unexplored ALP parameter space where the heavy colour states generating the ALP coupling to gauge
bosons are in the multi-TeV range and therefore unaccessible at the LHC. Any production mechanism other
than gluon–gluon fusion su�ers from a smaller production cross-section, and the decoupling of the heavy
states inducing the ALP coupling to SM states would require further study.

Constraints from ⌥ ! W0( 9 9) [79], constraints from / boson width measurements [80], and ALP
production in light-by-light scattering in heavy-ion collisions [81, 82] are too weak to appear in the plot.

15

[A. Mariotti, F. Sala, D. Redigolo, KT,  
1710.01743;  
ATLAS 2211.04172] 

∼ Γγ
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The recasting is done by comparing the theoretical signal yield obtained from the ALP model of Eq. (2), after
applying the particle-level selection described in Section 4, with the bounds on the fiducial cross-section in
Figure 7. The signal cross-section times branching ratio can be written as 1/ 5 2
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Figure 8 shows how the expected sensitivity of the search presented here covers a large portion of the
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bosons are in the multi-TeV range and therefore unaccessible at the LHC. Any production mechanism other
than gluon–gluon fusion su�ers from a smaller production cross-section, and the decoupling of the heavy
states inducing the ALP coupling to SM states would require further study.

Constraints from ⌥ ! W0( 9 9) [79], constraints from / boson width measurements [80], and ALP
production in light-by-light scattering in heavy-ion collisions [81, 82] are too weak to appear in the plot.
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FIG. 5: 90% CL upper limits on product branching fractions
(BF) (left axis) B(Υ (3S) → γA0) · B(A0

→ hadrons) and
(right axis) B(Υ (2S) → γA0) · B(A0

→ hadrons), for (a) CP-
all analysis, and (b) CP-odd analysis. The overlaid curves in
red are the limits expected from simulated experiments, while
the blue curves are the limits from statistical errors only. The
Υ (2S) limits do not include the phase space factor, which is
at most a 3.5% correction.

each of gg and ss above the cc threshold. The resulting
systematic errors are 8% for CP-all or 4% for CP-odd
below the cc threshold, and 21% above. The resulting
90% CL upper limits are shown in Fig. 5.
In conclusion, we have searched for hadronic final

states of a light Higgs boson produced in radiative de-
cays of the Υ (2S) or Υ (3S) and find no evidence of a
signal. Upper limits on the product branching fraction
B(Υ (nS) → γA0) ·B(A0 → hadrons) range from 1×10−6

at 0.3 GeV/c2 to 8× 10−5 at 7 GeV/c2 at the 90% CL.
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width into gluons dominates over the one into photons
unless a non-generic hierarchy of couplings is assumed,
therefore strongly suppressing the signals expected in the
existing strategies.

The dominant di-jet final states are much more di�cult
to distinguish from the SM background than diphotons.1

As a way to overcome this issue, we show that the large
production rate in pp collisions induced by the non-zero
gluon coupling can be exploited at LHCb, which already
has a low mass diphoton trigger designed to look for the
rare decay Bs ! ��. To substantiate this point, we use
80 pb�1 of public LHCb diphoton data [38] around theBs

mass to derive a limit of O(100) pb on the signal strength
of new diphoton resonances. This limit already consti-
tutes the strongest existing probe for ALPs in the mass
range between 4.9 and 6.3 GeV and motivates a dedi-
cated LHCb search for diphoton resonances in a broader
mass range. We estimate the sensitivity of such a search
and show that decay constants at around the TeV scale
are within reach of the high-luminosity phase of LHCb.
This extends the coverage of low-mass resonance searches
down to masses as low as 2 GeV and constitutes a new
probe of multi-TeV scale NP which could be di�cult to
produce directly at the LHC. A similar point was made
in Ref. [1] with ATLAS, CMS, and Tevatron diphoton
searches, that are however limited by trigger issues to
masses roughly above 10 GeV.

We finally discuss bounds on light resonances produced
from SM meson decays. We estimate the BABAR con-
straint on ⌥(1, 2, 3S) ! �a(jj) and assess the future
Belle-II sensitivity. This production channel currently
constitutes the best probe of ALPs below ⇠ 3 GeV.

II. RESULTS

We consider a spontaneously broken approximate U(1)
symmetry in the UV. Integrating out the new physics
sector at the scale MNP, we write down the e↵ective in-
teractions between the pNGBs and the SM

Le↵ =
1

2
(@µa)

2
�

1

2
m

2
aa

2 +
a

f

3X

i=1

ci
↵i

4⇡
Fi,µ⌫ F̃

µ⌫
i , (1)

where i runs over the hypercharge, weak and strong gauge
groups, F̃µ⌫

i = ✏
µ⌫⇢�

Fi,⇢�/2, ↵i = g
2
i /4⇡ and ↵1 is GUT-

normalised (↵1 = 5↵y/3). The constants ci are anomaly
coe�cients which depend on the number of degrees of
freedom chiral under the U(1) symmetry and carrying a
non-zero charge under the SM gauge group.2

1 As an example the LEP limit on BR(Z ! �a) is 1.7 · 10�5 from
36.9 pb�1 of data if a is a diphoton resonance [36] and 4.7 ·10�4

from 5.5 pb�1 of data if a is a dijet resonance [37].
2 If the SM fermions and the Higgs doublet are uncharged under
the U(1) symmetry, the couplings of the pNGB to them arise
only from loops of SM gauge bosons and can safely be neglected.

� �� �� ��
��-�

����

���

���

�

�

��-�

��-�

�� [���]

�[
��
�
]

� �
γγ

[�
��

-
� ]

��=��=��=��� �����

��
��
��

→
�(
γγ

)

���� γγ � ��-�

���� γγ ��� ��-� γγ ����
�� ��

-�
γγ ��

����� Υ→
γ�(��)

�������

����
�/��

� ��→
�(γγ)

��� �→γ�(��)

����� ���

��� ������ ��

��� ����� ������� Δ=�

FIG. 1: Limits (shaded regions) and sensitivities (colored
lines) on the ALP parameter space described in Eq. (1). The
bounds from Babar and LHCb are first derived here from
data in [31, 38], projections are given for Belle II and future
LHC stages. Details are given in Sec. IV. The other bounds
are derived from Z width measurements [29, 39], heavy ion
collisions [40, 41], Z ! �a(jj) decays at LEP I [30] and
diphoton cross section measurements at CDF (relevant only
for ma ' 10 GeV), CMS and ATLAS [1]. For the lat-
ter we also give sensitivities up to the HL stage as derived
in Ref. [1]. The thin dashed lines indicate theory bench-
marks motivated by heavy QCD axion models and by ALP-
portal Dark Matter described in Sec. III. New coloured and
EW states are expected to have masses of order g⇤f , where
g⇤ = 4⇡/

p
Nmess = 4⇡/

p
2 ci.

In the NP sector, the strength of the interaction g⇤
generically limits the maximal number of degrees of free-
dom to be below ⇡ (4⇡)2/g2⇤. Therefore, a lower g⇤ allows
for large couplings of the ALP to the SM but at the same
time it lowers the scale of new physics MNP ' g⇤f .
For ma . MZ , we can write the ALP couplings to pho-

tons and gluons below EWSB using the same notation of
the QCD axion

Le↵ �
N↵3

4⇡

a

f
Gµ⌫G̃

µ⌫ +
E↵em

4⇡

a

f
Fµ⌫ F̃

µ⌫
, (2)

where we have

N = c3 , E = c2 + 5c1/3 , ga�� =
↵em

⇡f
E , (3)

where ga�� agrees with the standard formula for the QCD
axion after normalizing the decay constant with respect
to the QCD coupling f = 2NfPQ. The relevant decay
widths of the pNGB are

��� =
↵
2
emE

2

64⇡3

m
3
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, �gg = Kgg

↵
2
sN

2

8⇡3

m
3
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, (4)

• Calculate rate and rescale to Belle II (x100) 

3

where we include NNLO corrections to the gluon
width [42] in Kgg (see Appendix A for more details).
Note that (0.1 mm)�1

⌧ �tot = �gg + ��� ⌧ m
bin
�� over

the mass range of our interest. The new resonance de-
cays promptly and has a very narrow width compared to
its mass.

The LHCb constraint and sensitivities derived in Sec-
tion IV are displayed on the ALP parameter space in
Figure 1, for the benchmark c1 = c2 = c3 = 10.
We compute �(pp ! a) with ggHiggs v4 [43–46] us-
ing the mstw2008nnlo pdf set. We compare it with
that obtained by the use of di↵erent pdf sets and of
MadgraphLO v2 6 [47, 48] upon implementing the ALP
model in FeynRules [49], finding di↵erences from 20% at
ma = 20 GeV to a factor of 2 or larger for ma < 5 GeV.
As detailed in Appendix A, a more precise determination
of the signal would be needed, especially forma . 5 GeV.

In Figure 1 we also show

i) the 2� constraint �Z � �SM
Z < 5.8 MeV [29, 39];

ii) the LEP limit BR(Z ! �a(jj)) < 1�5⇥10�4 [30];

iii) the constraint derived in [1] from the ATLAS [50,
51], CMS [52], and CDF[53] inclusive dipho-
ton cross section measurements, corresponding to
�(pp/pp̄ ! X a(��)) < 10� 100 pb;

iv) the sensitivities derived in [1] from inclusive dipho-
ton cross section measurements at ATLAS and
CMS. The HL-LHC reach assumes minimal photon
pT cuts of 25 and 22 GeV and minimal photon sep-
aration of �R = 0.4. These numbers correspond to
the 7 TeV measurement in Ref. [50]. Higher pT cuts
would increase the minimal value of the invariant
mass within the reach of HL-LHC.

v) the BABAR constraint BR
�
⌥2S,3S ! �a(jj)

�
<

10�4
� 10�6 [31], where we compute

BR
�
⌥ ! �a

�

BR
�
⌥ ! µµ̄

� ' 2E2↵em

4⇡

⇣
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4⇡f

⌘2⇣
1�

m
2
a

m2
⌥

⌘3
, (5)

where BR
�
⌥2S,3S ! µµ̄

�
= 1.92%, 2.18%. The

above expression agrees with the one of Ref. [54].

vi) the Belle-II sensitivity in the same channel, that we
determine simply by rescaling the expected sensi-
tivities in [31] by a factor of 10. This assumes that
the Belle-II reach will be statistics-dominated, and
that it will be based on a factor of 100 more ⌥(3S)
than the BABAR one (i.e. on ' 1.2 ⇥ 1010 ⌥(3S)
in total). The current Belle-II run plan for the first
years assumes only a factor of 10 for the above ra-
tio [55, 56], corresponding to a few weeks of ded-
icated run at the ⌥(3S) threshold. An extra fac-
tor of 10 could be obtained in a comparable time
with dedicated later runs, because a higher instan-
taneous luminosity is foreseen [56]. An analogous
search could be e↵ectively performed, at Belle-II,
also analysing the decays of ⌥(1S, 2S).

vii) limits from the diphoton final state from heavy ion
collisions are extracted from the recent CMS anal-
ysis in Ref. [41] and the reinterpretation of the AT-
LAS light by light scattering data [40] of Ref. [57].
The lower reach of these measurements is set to
ma & 5 GeV as a consequence of the minimal cuts
on the two photons transverse momenta.

ATLAS limits from Z ! �a(��) [58] are not displayed
in Fig 1. They imply BR(Z ! �a(��)) < 2.2 · 10�6

and turn out to be comparable to the heavy ions bound
for our benchmark in Fig. 1. Similar constraints can
be derived from the ATLAS inclusive search in pp !

�a(��) [58]. The lower invariant mass reach of these
ATLAS searches is set by the diphoton isolation require-
ment of [58], �R�� = 0.15. This corresponds to an ALP
mass of 4 GeV as discussed in Ref. [59]. Notice that LEP
searches for Z ! �a(��) [32] are weaker than the ATLAS
bound. Future sensitivities from e

+
e
�
! �a(��) [34, 35]

do not reach values of f larger than ' 50 GeV and
are not shown. Finally, the proposed search in B !

K
(⇤)

a(��)) [34] at Belle-II has some sensitivity in a very
limited portion of our mass range and it is not shown to
avoid clutter.
In Fig. 2 we fix the ALP masses to two representa-

tive values ma = 5, 15 GeV and show the impact of the
various searches in the plane (N/f,E/f) which control
the ALP’s gluon and photon coupling respectively. As
one can see from Fig. 2, diphoton searches for a ALP
produced in gluon fusion both at ATLAS/CMS (see Ref.
[1]) and at LHCb (see Sec. IV) can be sensitive to N/f

as small as 10�4 GeV�1 as long as the coupling to the
photons is large enough. Moreover they can cover signif-
icant portion of the parameter space where the couplings
are of their natural size.

Searches taking advantage of uniquely the photon cou-
pling such as the ones in Refs. [33, 35, 58] become rel-
evant only in the upper left corner of the plane where
E/N & 50. Such a hierarchy can be realized in clock-
work constructions where the photon coupling is en-
hanced with respect to the gluon one (see for example
Ref. [60]).

The ATLAS, CMS and LHCb limits and sensitivites
shown in Fig. 2 are derived assuming gluon fusion as the
ALP production process, so they sharply stop at a given
small gluon coupling. If other production processes like
vector-boson-fusion are taken into account, the limits and
sensitivities would be slightly improved in the upper left
corner of Fig. 2. Practically, the Heavy Ion results that
we are including will always lead to stronger constraint
because of the enhanced photon-fusion production and
the loop suppressed background from light-by-light scat-
tering.

The bottom right corner where the new resonance
mostly couples to gluons is challenging to constrain in
this mass range, even though boosted dijet searches at
the LHC were recently able to go down to invariant
masses of 50 GeV (see Refs. [1, 61, 62]). Of course for
N/f & (100GeV)�1 one expects color states generating

• LHCb analysis 
is on-going.

Mass coverage: 
0.5GeV-7GeV

B-factory  
is unique
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 for ma~GeV B → Ka



Production rate of B → Ka
• If the optional aWW coupling exists,  

there is 1-loop contribution [finite due to GIM, diverge at 2-loop]. 
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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).
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calculation):

µ
dCqq

dµ
= �6CF

✓
↵s

4⇡

◆2
, (4)

µ
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dµ
=

✓
3CF

✓
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4⇡

◆2
+ Cqq

◆
↵w

4⇡

X
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⇠kVkbV
⇤
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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

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

BR[B→Ka]~10-5 (fa/100GeV)-2

• Robust production is from gluon coupling: leading is at 2-loop! 
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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
�

��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)


3ha⇢⇢i+

1

3
ha!!i+

2

3
ha��i+ 2ha⇢!i

�

= �F(ma)⇥(2.1GeV�ma)
2↵̃s(ma)

3
p
6

(4Cu + Cd + Cs) , (S27)

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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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 ηX → KK∗+KK∗ → KKπ
decay channel, we require the Kπ or Kπ invariant mass
to satisfy 0.85 < mKπ < 0.95GeV/c2 for either K±π∓ or
( )

K 0π∓ combinations.

We use the angle θT 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 χ2 of the charged-
track vertex fit and of the invariant mass of the K0

S
or η

candidate relative to the PDG values [4].

We define the helicity angle θH as the angle between
the direction of the B meson and the normal vector to
the ηX three-body decay plane in the ηX rest frame. The
ideal distribution is uniform, H2, or (1−H2) for ηX with
JP = 0−, 1−, or 1+, respectively, where H = cos θH.
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 ζ of
the probability density functions (PDF) Pj . The index
j represents six event categories used in our data model:
the B+ → ηXK+ signal (four categories in each of the
two ηX 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 ηX → KK∗ channel) or other B backgrounds (in the
ηX → ηππ channel). The likelihood Li for each candidate
i is defined as Li =

∑

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

We use a relativistic spin-J Breit–Wigner amplitude
parameterization for the invariant mass of an ηX 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+
→ ηππK+ (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
η′ 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 η(1475)K+

(left) or η(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 η(1475) resonance mass
(m0) and width (Γ) parameters unconstrained, both resulting
in larger values.

ηX → KK∗ → KKπ and ηX → a0(980)π → ηππ. For
the ηX → KK∗ mode, the ηX invariant mass parameteri-
zation is corrected for phase space of the B+ → KK∗K+

decay and averaged over the K∗ → Kπ invariant mass
values. We ignore the interference between the overlap-
ping resonances because it averages to zero for resonances
with different quantum numbers or because these reso-
nances have different final states, such as η(1405) and
η(1475). The former decays mainly to a0(980)π (or di-
rect KKπ) 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 ηX decays [7, 8] and due to potentially different
three-body structure. This interference effect would only
increase the significance estimate because the hypothesis
of zero yield is not affected 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

• Babar [0804.0411]  search  
3.9x108  , 0.85 GeV <ma<1.5 GeV 

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

B+ → K+ηX( → ηππ)
BB̄

S < (D − B) + 2 D

Wish 2:  and B → Ka a → ηππ
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• Take axion peak smearing same as η’ peak 
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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 ηX → KK∗+KK∗ → KKπ
decay channel, we require the Kπ or Kπ invariant mass
to satisfy 0.85 < mKπ < 0.95GeV/c2 for either K±π∓ or
( )

K 0π∓ combinations.

We use the angle θT 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 χ2 of the charged-
track vertex fit and of the invariant mass of the K0

S
or η

candidate relative to the PDG values [4].

We define the helicity angle θH as the angle between
the direction of the B meson and the normal vector to
the ηX three-body decay plane in the ηX rest frame. The
ideal distribution is uniform, H2, or (1−H2) for ηX with
JP = 0−, 1−, or 1+, respectively, where H = cos θH.
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 ζ of
the probability density functions (PDF) Pj . The index
j represents six event categories used in our data model:
the B+ → ηXK+ signal (four categories in each of the
two ηX 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 ηX → KK∗ channel) or other B backgrounds (in the
ηX → ηππ channel). The likelihood Li for each candidate
i is defined as Li =

∑

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

We use a relativistic spin-J Breit–Wigner amplitude
parameterization for the invariant mass of an ηX 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+
→ ηππK+ (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
η′ 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 η(1475)K+

(left) or η(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 η(1475) resonance mass
(m0) and width (Γ) parameters unconstrained, both resulting
in larger values.

ηX → KK∗ → KKπ and ηX → a0(980)π → ηππ. For
the ηX → KK∗ mode, the ηX invariant mass parameteri-
zation is corrected for phase space of the B+ → KK∗K+

decay and averaged over the K∗ → Kπ invariant mass
values. We ignore the interference between the overlap-
ping resonances because it averages to zero for resonances
with different quantum numbers or because these reso-
nances have different final states, such as η(1405) and
η(1475). The former decays mainly to a0(980)π (or di-
rect KKπ) 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 ηX decays [7, 8] and due to potentially different
three-body structure. This interference effect would only
increase the significance estimate because the hypothesis
of zero yield is not affected 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

3 GeVmηππ

a → ηππ

extrapolation
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FIG. 2: Projections of the fit to the B0 → ωK0
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, M3π, and H3π projections,
respectively. Green hatched curves show the B0 → ωK0

S signal component, dashed red curves
indicate the qq̄ background, and blue dotted curves show the BB̄ background component.
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Wish 3: , prompt/displaced  B → Ka a → 3π
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• Belle [1311.6666]  search B+,0 → K+,0ω( → π+π−π0)
• 7.7x108  pairs, 0.73 GeV <ma< 0.83 GeV 
⇒Recast   

BB̄
BR(B0 → K0a, a → π+π−π0) < 4.9 × 10−6
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FIG. 2: Projections of the fit to the B0 → ωK0
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, M3π, and H3π projections,
respectively. Green hatched curves show the B0 → ωK0

S signal component, dashed red curves
indicate the qq̄ background, and blue dotted curves show the BB̄ background component.
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• Displaced decay is also possible because 2 charged pions reconstruct vertex.  

• Very low background due to >1cm DV.  
B → KK*( → π0KL, KL → π+π−)

1cm

80cm

-40cm 120cm

a

π+

π−

π0(γγ)

 B → Ka

Phys.Rev.D 105 (2022) L071701 
E. Bertholet, S. Chakraborty, V. Loladze, T. Okui, A. Soffer, KT 5

FIG. 4. In colors, we show the projected sensitivities and the new bound for ⇤UV = 1 TeV (left figure) and 10 TeV (right
figure) respectively, using prompt and displaced analysis. The projections developed in this paper are the B ! Ka(3⇡) displaced
analysis (blue region) and B ! Ka(��) prompt analysis (green region). The green hatched region corresponds to a 10-fold
variation of the estimated background rate in the B ! Ka(��) analysis. The bound of this channel is obtained by recasting the
BABAR result [63] (dark green). The projections of B ! Ka(3⇡) prompt analysis (magenta-outlined region) and B ! Ka(3⇡)
prompt analysis (yellow-outlined region) are from Ref. [44]. The grey regions refer to the present limits from B-decays, light
meson decays and beam dump experiments. The dashed contours show the axion’s c⌧ values.

MeV and 1500 events per MeV. These correspond to the
background-level range shown in Fig. 1 of Ref. [63] for

ma < 1.3 GeV. Since the sensitivity on fa scales as N
1/4
B ,

the 1-fold di↵erence in background level has a relatively
small impact on the projected limits. To avoid the back-
ground from B ! K⇡

0(��), NS and NB are calculated
while excluding the mass range 125 < m�� < 145 MeV,
corresponding roughly to ±2� around the ⇡

0 mass. Fi-
nally, we take the sensitivity of the experiment to be fa

and ma values for which NS/
p

NB > 2. The resulting
projected limits are shown in light green in Fig. 4.

IV. DISCUSSION AND SUMMARY

In this paper we extract limits on the decay constant
fa of the heavy QCD axion as a function of its mass ma.
We recast B ! Ka(��) results from BABAR [63], and
estimate the sensitivity of Belle II for this decay using
the BABAR e�ciency and background and accounting
for mass smearing due to displaced axion decays. as well
as for a displaced, B ! Ka(3⇡) search.

The projected sensitivities, shown in Fig. 4 are cal-
culated for two UV scales, ⇤UV = 1 TeV and ⇤UV = 10
TeV. The sensitivity is higher for higher choices of the UV
scale because of large logarithmic corrections originating

from the renormalization group evolution. We find that
the dependence on the exact nature of the UV model,
parametrized by the coe�cients A and B in Ref. [44],
does not impact the results strongly. The variation of A

and B have sizeable e↵ects only for ⇤UV = 1 TeV, leading
to at most O(1) variation in the limits on fa. To avoid
clutter in Fig. 4, we chose optimistic values, A = +3 and
B = �3.

We find that for axion mass in the range 450 . ma .
900 MeV, the decay a ! 3⇡ with a displaced-vertex sig-
nature is the best search channel, with sensitivities to the
axion decay constant in the range 102 . fa . 104 GeV
. Moreover, the a ! �� channel can be used to probe
the mass range 150 . ma . 500 MeV, covering the un-
constrained range 10 . fa . 103 GeV of decay constant
values.
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• Babar [2111.01800] (B. Shuve) dedicated ALP search. Reinterpret.  

• Same/better analysis can be done at Belle II.
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FIG. 4: The 90% CL upper limits on the B± ! K±a branch-
ing fraction for ma < 2.5GeV and c⌧a between 0 and 100
mm. The vertical gray bands indicate the regions excluded
from the search in the vicinity of the ⇡0, ⌘, and ⌘0 masses.

limited statistical precision of simulated samples (1%)
are included as well. The resulting limits on the branch-
ing fraction product assuming promptly decaying ALPs
are displayed in Fig. 3.

Our search targets promptly decaying ALPs. However,
ALPs can be long lived at small masses and coupling,
and we assess how our signal e�ciency and resolution
are a↵ected for ALP proper decay lengths of c⌧a = 1, 10,
and 100 mm. These decay lengths range from nearly
prompt decays for which the e�ciency and resolution
are comparable to the zero-lifetime signal, through to
the longest values to which our analysis is sensitive. We
measure the B± ! K±a branching fraction for each de-
cay length. We restrict this study to the mass range for
which we obtain sensitivity to couplings that give rise
to long-lived ALPs, namely ma < 2.5GeV. Long-lived
ALPs induce a non-negligible bias in the measurement of
m�� , and the resolution is significantly impacted, rang-
ing from 15MeV near ma = 0.175GeV to 28MeV near
2GeV for c⌧a = 100mm. For c⌧a = 100mm, we only con-
sider mass hypotheses ma � 0.2GeV, because there is a
significant overlap between the signal mass distribution
and the ⇡0 background for lower ALP masses.

The signal is extracted in the same manner as for the
promptly decaying ALP, and the fitted signal yields and
local statistical significances are shown in Ref. [44]. The
largest local significance is found to be at ma = 1.10GeV
and c⌧a = 10mm, with a global significance of less than
one standard deviation. Systematic uncertainties are as-
sessed in the same manner as for the prompt analysis.
The systematic uncertainty in the signal yield resulting
from variations in the continuum (peaking) background
shape due to re-fitting the component normalizations is
larger for long-lived ALPs because of the long tail in-
duced by the bias in the measurement of the signal m��
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FIG. 5: The 90% CL upper limits on the coupling gaW as a
function of the ALP mass (red), together with existing con-
straints [29] (blue, green, brown, and grey).

distribution, and is estimated to be, on average, 16%
(24%) of the corresponding statistical uncertainty for
c⌧a = 100mm. The other systematic uncertainties are
comparable in magnitude to the values for prompt ALPs,
and the total systematic uncertainty is subdominant to
the statistical uncertainty for all signal mass hypotheses.
The 90% CL upper limits on B(B± ! K±a)B(a ! ��)

are plotted in Fig. 4. The limits degrade at c⌧a =
100mm because of the broadening of the signal shape
and lower e�ciency. The c⌧a dependence of the limit is
less pronounced at higher masses because the ALP is less
boosted, leading to a shorter decay length in the detec-
tor. We use an interpolating function to obtain product
branching fraction limits for intermediate lifetimes be-
tween those shown in Fig. 4.
The 90% CL limits on the ALP coupling gaW are pre-

sented in Fig. 5. For each ALP mass hypothesis, we de-
termine the value of gaW such that the calculated branch-
ing fraction is equal to the 90%-CL-excluded branching
fraction for the lifetime predicted using the same value of
gaW . This is the excluded value of gaW shown in Fig. 5.
The 90% CL bounds on gaW extend below 10�5 GeV�1

for many ALP masses, improving current constraints
by more than two orders of magnitude. The strongest
limit on the coupling at ma = 0.2GeV corresponds to
a lifetime of c⌧a = 100mm, decreasing to c⌧a = 1mm
at ma = 2.5GeV. Along with our limit, we show in
Fig. 5 existing constraints derived in Ref. [29] from LEP,
beam dump, and K ! ⇡�� searches. We have also re-
interpreted a search for K± ! ⇡±X with invisible X
[50], which applies to our model if the ALP is su�ciently
long lived that it decays outside of the detector.

In summary, we report the first search for axion-like
particles in the process B± ! K±a, a ! ��. The results
strongly constrain ALP couplings to electroweak gauge
bosons, improving upon current bounds by several or-
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FIG. 4. In colors, we show the projected sensitivities and the new bound for ⇤UV = 1 TeV (left figure) and 10 TeV (right
figure) respectively, using prompt and displaced analysis. The projections developed in this paper are the B ! Ka(3⇡) displaced
analysis (blue region) and B ! Ka(��) prompt analysis (green region). The green hatched region corresponds to a 10-fold
variation of the estimated background rate in the B ! Ka(��) analysis. The bound of this channel is obtained by recasting the
BABAR result [63] (dark green). The projections of B ! Ka(3⇡) prompt analysis (magenta-outlined region) and B ! Ka(3⇡)
prompt analysis (yellow-outlined region) are from Ref. [44]. The grey regions refer to the present limits from B-decays, light
meson decays and beam dump experiments. The dashed contours show the axion’s c⌧ values.

MeV and 1500 events per MeV. These correspond to the
background-level range shown in Fig. 1 of Ref. [63] for

ma < 1.3 GeV. Since the sensitivity on fa scales as N
1/4
B ,

the 1-fold di↵erence in background level has a relatively
small impact on the projected limits. To avoid the back-
ground from B ! K⇡

0(��), NS and NB are calculated
while excluding the mass range 125 < m�� < 145 MeV,
corresponding roughly to ±2� around the ⇡

0 mass. Fi-
nally, we take the sensitivity of the experiment to be fa

and ma values for which NS/
p

NB > 2. The resulting
projected limits are shown in light green in Fig. 4.

IV. DISCUSSION AND SUMMARY

In this paper we extract limits on the decay constant
fa of the heavy QCD axion as a function of its mass ma.
We recast B ! Ka(��) results from BABAR [63], and
estimate the sensitivity of Belle II for this decay using
the BABAR e�ciency and background and accounting
for mass smearing due to displaced axion decays. as well
as for a displaced, B ! Ka(3⇡) search.

The projected sensitivities, shown in Fig. 4 are cal-
culated for two UV scales, ⇤UV = 1 TeV and ⇤UV = 10
TeV. The sensitivity is higher for higher choices of the UV
scale because of large logarithmic corrections originating

from the renormalization group evolution. We find that
the dependence on the exact nature of the UV model,
parametrized by the coe�cients A and B in Ref. [44],
does not impact the results strongly. The variation of A

and B have sizeable e↵ects only for ⇤UV = 1 TeV, leading
to at most O(1) variation in the limits on fa. To avoid
clutter in Fig. 4, we chose optimistic values, A = +3 and
B = �3.

We find that for axion mass in the range 450 . ma .
900 MeV, the decay a ! 3⇡ with a displaced-vertex sig-
nature is the best search channel, with sensitivities to the
axion decay constant in the range 102 . fa . 104 GeV
. Moreover, the a ! �� channel can be used to probe
the mass range 150 . ma . 500 MeV, covering the un-
constrained range 10 . fa . 103 GeV of decay constant
values.
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• For long-lived axion distribution smeared, mesons and axion don’t overlap.  
Gap regions can be covered. 

• Further improvement [2311.01837] 
NA62 K→πa with long-lived a→γγ. 
Basically look at  not  
Report signal efficiency as f(τa).
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FIG. 2: The distribution of signal events (Ns) and local signal
significance (Ss) from fits as a function of ma for prompt ALP
decays. The vertical gray bands indicate the regions excluded
from the search in the vicinity of the ⇡0, ⌘, and ⌘0 masses.

nomial. The shapes of the ⇡0, ⌘, and ⌘0 resonances are
also modeled from background MC, while the ⌘c is mod-
eled using the signal MC mass distribution with a width
broadened to match the ⌘c natural linewidth. For the ⇡0,
⌘, and ⌘0 background components, the normalization is
determined from the fit to data, while the normalization
of the ⌘c component is fixed to the product of the world-
average value of B(B± ! K±⌘c)B(⌘c ! ��) and the sig-
nal e�ciency evaluated at this mass. This allows us to
measure an ALP signal rate for ma ⇡ m⌘c while simulta-
neously accounting for events from B± ! K±⌘c, ⌘c ! ��
decays. We have verified that our signal extraction pro-
cedure is robust against changes in the background model
by varying the order of the polynomial component of the
continuum background.

To assess systematic uncertainties in the MC-derived
continuum and peaking background components, we fit
the relative normalizations of di↵erent background com-
ponents (continuum qq̄, B+B�, B0B̄0) to data rather
than fixing each component’s normalization to match the
luminosity of the total data set, and we repeat our signal
extraction procedure with the re-weighted MC-derived
templates. We also propagate the uncertainties in the
resolution of the peaking components and in the uncer-
tainties in the world-average value of the ⌘c linewidth.
For the ⌘c model, we assess a systematic uncertainty orig-
inating from uncertainties in B(B± ! K±⌘c)B(⌘c ! ��)
by varying the ⌘c normalization within the uncertainties
in the world-average value. The systematic uncertainty
in the signal yield resulting from variations in the con-
tinuum (peaking) background shape due to re-fitting the
component normalizations is estimated to be, on average,
1% (2%) of the corresponding statistical uncertainty.

We further assess systematic uncertainties associated
with our signal model. The systematic uncertainty in the
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FIG. 3: 90% CL upper limits on the B± ! K±a branching
fraction assuming promptly decaying ALPs. The vertical gray
bands indicate the regions excluded from the search in the
vicinity of the ⇡0, ⌘, and ⌘0 masses.

signal yield derived from our extrapolation procedure be-
tween simulated mass points is estimated to be, on av-
erage, 4% of the corresponding statistical uncertainty.
We assess a signal resolution systematic uncertainty by
repeating our fits with a signal shape whose width is var-
ied within the mass resolution uncertainty, leading to a
signal resolution systematic uncertainty that is, on av-
erage, 3% of the statistical uncertainty. A 6% relative
systematic uncertainty in the signal e�ciency is derived
from the data-to-MC ratio for events in the vicinity of
the ⌘0 resonance.
The fitted signal yields and statistical significances are

shown in Fig. 2. The largest local significance of 3.3�
is observed near ma = 3.53GeV with a global signifi-
cance of 1.1� after including trial factors [49], consistent
with the null hypothesis. Background-only fits to the
m�� spectrum are shown over the whole mass range in
Ref. [44].
To further validate the signal extraction procedure, we

measure the B± ! K±h0, h0 ! �� (h0 = ⇡0, ⌘, ⌘0, ⌘c)
product branching fractions by treating the peaks as sig-
nal, extracting the number of events in the peak using
the fitting procedure described above, and subtracting
non-peaking background whose magnitude is determined
from MC. The results are found to be compatible with
the current world averages [46] within uncertainties.
In the absence of significant signal, Bayesian upper lim-

its at 90% confidence level (CL) on B(B± ! K±a)B(a !
��) are derived with a uniform positive prior in the prod-
uct branching fraction. We have verified that the limits
are robust with respect to the choice of prior. The sys-
tematic uncertainty is included in the limit calculation
by convolving the likelihood function with a Gaussian
having a width equal to the systematic uncertainty. Un-
certainties in the luminosity (0.6%) [34] and from the

5

https://indico.cern.ch/event/868940/contributions/3814877/

Phys.Rev.D 105 (2022) L071701 
E. Bertholet, S. Chakraborty, V. Loladze, T. Okui, A. Soffer, KT 5

FIG. 4. In colors, we show the projected sensitivities and the new bound for ⇤UV = 1 TeV (left figure) and 10 TeV (right
figure) respectively, using prompt and displaced analysis. The projections developed in this paper are the B ! Ka(3⇡) displaced
analysis (blue region) and B ! Ka(��) prompt analysis (green region). The green hatched region corresponds to a 10-fold
variation of the estimated background rate in the B ! Ka(��) analysis. The bound of this channel is obtained by recasting the
BABAR result [63] (dark green). The projections of B ! Ka(3⇡) prompt analysis (magenta-outlined region) and B ! Ka(3⇡)
prompt analysis (yellow-outlined region) are from Ref. [44]. The grey regions refer to the present limits from B-decays, light
meson decays and beam dump experiments. The dashed contours show the axion’s c⌧ values.

MeV and 1500 events per MeV. These correspond to the
background-level range shown in Fig. 1 of Ref. [63] for

ma < 1.3 GeV. Since the sensitivity on fa scales as N
1/4
B ,

the 1-fold di↵erence in background level has a relatively
small impact on the projected limits. To avoid the back-
ground from B ! K⇡

0(��), NS and NB are calculated
while excluding the mass range 125 < m�� < 145 MeV,
corresponding roughly to ±2� around the ⇡

0 mass. Fi-
nally, we take the sensitivity of the experiment to be fa

and ma values for which NS/
p

NB > 2. The resulting
projected limits are shown in light green in Fig. 4.

IV. DISCUSSION AND SUMMARY

In this paper we extract limits on the decay constant
fa of the heavy QCD axion as a function of its mass ma.
We recast B ! Ka(��) results from BABAR [63], and
estimate the sensitivity of Belle II for this decay using
the BABAR e�ciency and background and accounting
for mass smearing due to displaced axion decays. as well
as for a displaced, B ! Ka(3⇡) search.

The projected sensitivities, shown in Fig. 4 are cal-
culated for two UV scales, ⇤UV = 1 TeV and ⇤UV = 10
TeV. The sensitivity is higher for higher choices of the UV
scale because of large logarithmic corrections originating

from the renormalization group evolution. We find that
the dependence on the exact nature of the UV model,
parametrized by the coe�cients A and B in Ref. [44],
does not impact the results strongly. The variation of A

and B have sizeable e↵ects only for ⇤UV = 1 TeV, leading
to at most O(1) variation in the limits on fa. To avoid
clutter in Fig. 4, we chose optimistic values, A = +3 and
B = �3.

We find that for axion mass in the range 450 . ma .
900 MeV, the decay a ! 3⇡ with a displaced-vertex sig-
nature is the best search channel, with sensitivities to the
axion decay constant in the range 102 . fa . 104 GeV
. Moreover, the a ! �� channel can be used to probe
the mass range 150 . ma . 500 MeV, covering the un-
constrained range 10 . fa . 103 GeV of decay constant
values.
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• Exclusive BR calculation is unstable for ma>2GeV  
but inclusive mode can be used. Similar to  e+e− → Υ → γa( → hadrons)

• Mass reach ~4 GeV 

• Sensitivity ??
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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
�

��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)


3ha⇢⇢i+

1

3
ha!!i+

2

3
ha��i+ 2ha⇢!i

�

= �F(ma)⇥(2.1GeV�ma)
2↵̃s(ma)

3
p
6

(4Cu + Cd + Cs) , (S27)

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]

C
pQCD,uds
� ⇡

↵2
s(ma)

6⇡2


5 log

⇤2

m2
⇡

+ log
⇤2

m2
K

�
⇥(ma � 2.1GeV), (S28)

C
pQCD,cbt
� ⇡ �

↵2
s(ma)m2

a

72⇡2

"
4
p
3

m2
c

log
⇤2

m2
c

+
1

m2
b

log
⇤2

m2
b

+
4

m2
t

log
⇤2

m2
t

#
⇥(ma � 1.6GeV). (S29)

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

long-
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• Latest Belle II data shows an excess around minv~2GeV [2311.14647] 

• With only this data 3-body decay (vector current) and 2-body are reasonable. 

• But combining past Babar analysis disfavors 2-body kinematics. 
2
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FIG. 1. Number of B+ ! K
+
⌫⌫ events at Belle II [7] (black

dots, with error bars shown) after background subtraction,
as a function q

2
rec, using inclusive tagging in the ⌘(BDT2) >

0.98 signal region. In blue is shown the SM distribution [5, 6].
The red line shows the predicted distribution of events for a
3-body decay B

+ ! K
+
�� by a vector current, with m� =

0.6 GeV and B(B+ ! K
+
��) = 3.2⇥10�5 in addition to the

SM. The green line shows B+ ! K
+
⌫L� via a scalar current

for m� = 0 and B(B+ ! K
+
��) = 7.3 ⇥ 10�5. The yellow

line shows the distribution for the 2-body decay B
+ ! K

+
X

with B(B+ ! K
+
X) = 0.7⇥ 10�5 and mX = 2 GeV.

FIG. 2. Inferred e�ciency in the ⌘(BDT2) > 0.98 signal
region with the inclusive tagging at Belle II.

uniformly in q2rec as follows:

f rec
q2 (q2rec) =

(
(�+ ���)�1 if �� < q2rec � q2 < �+

0 otherwise
,

(4)

�± = (E2
B �m2

B)± 2

✓
1±

|~pB |

EB

◆
|~p⇤

K(q2)||~pB | (5)

where ~p⇤
K(q2) is the momentum of the K in the rest

frame of the B meson, |~pB | = 0.33GeV, and EB =
5.29GeV. For example, B ! KX events with mX =
2 GeV would be spread over 2.5GeV2 < q2rec < 5.5GeV2

as shown in Fig. 1. Similarly, the SM distribution in
Fig. 1 is obtained by applying the momentum spreading
to a vector current for massless fermions with a total
branching ratio as given in Eq. (1). The signal yield of
B+

! K+⌫⌫ is extracted from the top-right panel in
Fig. 18 of Ref. [7] by subtracting the BB̄ and continuum
backgrounds, which is shown as black dots in Fig. 1.

The signal e�ciency, ✏(q2), is another essential input
to process the various scenarios. Although two e�cien-

cies are reported in the latest Belle II analysis, they are
not applicable to the samples with the highest “BDT2”
cut, BDT2 > 0.98, where the excess from the SM back-
ground is visible. Therefore we deduce the e�ciencies
to reproduce the shape of the reported B ! K⌫⌫ distri-
bution. We tune the q2-dependent e�ciency such that
the vector-current mediated distribution with the best-
fit normalization of the ITA analysis, B = 2.7⇥ 10�5, is
multiplied by q2-dependent e�ciency and binned with
the q2rec smearing, and then the resultant distribution is
matched with the one reported in Fig. 18 of Ref. [7]. The
resulting e�ciency, shown in Fig. 2 after interpolation
in q2, is similar in shape to the one with BDT2 > 0.95
reported in the earlier Belle II analysis [9].
For the statistical combination, we construct the

binned likelihood, L =
Q

i fP(N
obs
i ;N ex

i ), using Pois-
son statistics for the ith bin q2i  q2rec < q2i + 1GeV2.
The expectation N ex

i = NBG
i +NK⌫⌫,SM

i +NNP
i includes

the background and the SM B ! K⌫⌫ with as well as
the yield of new physics,

NNP
i = NB±

Z q2i+1

q2i

dx

Z
dq2 f rec

q2 (x) ✏(q2)
dBNP

dq2
, (6)

where NB± = 3.99⇥ 108 at Belle II. We obtain the log-
likelihood, �2 lnL, which is denoted as �2 for simplic-
ity. This method accounts for only the statistical uncer-
tainty. As a check, we obtain B = (2.6±0.4(stat))⇥10�5

for B+
! K+⌫⌫ for ITA, which is reasonably consistent

with B = (2.7± 0.5(stat))⇥ 10�5 reported by Belle II.

III. TESTING 2-BODY SCENARIO

First, we calculate the log-likelihood �2, based on the
2-body decay B+

! K+X scenario. We find the mini-
mum �2

min and obtain the preferred parameter space by
evaluating �2

� �2
min. Since there is a significant mass

preference, we perform the 2D fit in the mX -B space,
and the contours with 1, 2, and 3� are shown in the
upper-left pane in Fig. 3.

Although our method correctly accounts for the sta-
tistical uncertainty, the systematic uncertainty can be
comparable based on the Belle II report. We expect
that including systematic uncertainty lowers the �2 by
a factor of two, resulting in the allowed region being
enlarged by ⇠ 40%, but the tendency of the preferred
parameters would not be a↵ected.

To extract the preferred mass, we use the profile log-
likelihood: finding the best �2 for each mass by profiling
B, which is shown in the bottom left panel. We find a
narrow range of mass, mX = 1.97±0.05(stat)GeV. The
example of distribution in the ITA is shown in Fig. 1.
A similar method is applied for the branching fraction,
leading to B =

�
0.79+0.16

�0.13(stat)
�
⇥ 10�5. This is in ac-

cordance with a recent study of the 2-body scenario [21],
but it does not agree with the other [22]. We wish to
emphasize that the expected number of events in the
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FIG. 5. Number of B ! K⌫⌫ events (black, error bars
shown) for 471⇥106 BB̄ pairs at BaBar [4] with background
subtracted, as a function of q2. The colored lines show the
same benchmark scenarios as Fig. 1.

signal region and requires more careful treatment of the
uncertainties, it is interesting to examine this region for
further discrimination. For some 3-body scenarios with
the scalar and tensor operators, we expect an excess in
high q2 because the e�ciency in this BaBar study stays
flat until q2 ⇠ 20GeV2 while the e�ciency of the Belle II
ITA is very small for q2 > 10GeV2. Thus, increasing
the branching fraction to fit the Belle II ITA would be
in tension with B+

! K+⌫⌫ result at BaBar, as seen in
Fig. 5. For this reason, the �2

min values of these scenarios
are significantly worsened, see Table I. The best scenario
is still the 3-body decay with massive � via the vector
operator, but the 2-body one is comparable.

Other data sets that may be relevant for us, but are
not included, are the following:

1. In [7], Belle II also reported the q2 result in the
HTA, see Fig. 6. Since the data has a small overlap
with the ITA dataset, we are unable to combine
them. However, we see the trend that the third bin
seems to have a tension with the 2-body scenario
with mX = 2GeV.

2. Belle results via hadronic [1] and semileptonic [2]
tagging: the number of events is measured in bins
of EECL, which is the residual energy deposited
in the electromagnetic calorimeter (ECL). Since
EECL is not related to q2, we are unable to include
this data for testing the various scenarios.

3. BaBar results via semileptonic tagging [3]: The
binning is done in bins of |pK |, the magnitude of
the momentum of the K+ in the center-of-mass
frame. While |pK | has a one-to-one correspon-
dence to q2rec, the final results are reported as an

FIG. 6. Number of B+ ! K
+
⌫⌫ events at Belle II [7] (black

dots, with error bars shown) after background subtraction
using hadronic tagging, as a function of q2. The colored lines
show the same benchmark scenarios as in Fig. 1.

average of 20 di↵erent BDT analyses. Due to this
unconventional statistical treatment, we cannot
safely add this data to our analysis.

V. CONCLUSION

In this work, we perform a binned-likelihood analysis
of di↵erent NP scenarios mainly based on the recent
Belle II ITA data on the decay B+

! K+⌫⌫. The
NP scenarios we consider are: (a) 2-body scenario B !

KX, and (b) the 3-body scenario B ! K�1�2. For
(b) we consider several operators (scalar, vector, and
tensor) as well as several masses for the new particles.

We find it crucial to account for the fact that the
Belle II ITA data is binned not in the momentum trans-
fer q2 but in q2rec, and for the non-uniform e�ciency. We
augment our analysis with past BaBar data. Our results
are listed in Table I and in Fig. 3.

As seen in Table I, the best fit NP scenario is a 3-body
decay of the B+ via a vector current into K+ and a ��
pair, where m� ' 0.6GeV. This � can be stable and
hence a possible dark matter candidate. Table I also
tells us that the 2-body scenario is not much worse, and
so it still remains competitive.

The right panel of Fig. 3, shows the preferred param-
eter region in the scalar-current 3-body scenario. Mass-
less � fits best, for a branching fraction of B(B+

!

K�R⌫L) ⇠ 8⇥ 10�5. This is about a factor of 3 higher
than the value in Eq. (2). This is an especially clear
demonstration of the importance of considering the non-
uniform signal e�ciency in inferring the branching frac-
tion of NP from the reported excess at Belle II.
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• Latest Belle II data shows an excess around minv~2GeV 

• With only this data 3-body decay (vector current) and 2-body are reasonable. 

• But combining past Babar analysis disfavor 2-body kinematics. 3
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FIG. 3. The upper panel shows 2D plots of �2 � �
2
min in the B-mNP plane for di↵erent scenarios. For each plot in the upper

panel, the likelihoods profiling one variable (along the B direction and along the mNP direction) are provided in the lower
panel. The three columns correspond to di↵erent NP scenarios: on the left panel is the 2-body scenario B

+ ! K
+
X, for

which mNP = mX , the center panel is for the 3-body decay B
+ ! K

+
��, mNP = m� mediated by a vector current, while

the right column corresponds to the 3-body decay B
+ ! K

+
�̄R⌫L,mNP = m�, where ⌫L is a SM neutrino.

FIG. 4. Normalized distributions for B
+ ! K

+
�1�2 via

scalar, vector, and tensor operators as functions of q
2 for

massless �1,2 (solid lines) as well as massive �1,2 (dotted
line) with an equal mass of 0.6GeV. The distributions do
not take experimental e�ciency into account.

also contribute to B ! K⇤ decays. Belle-II has re-
cently obtained an upper limit on the branching fraction
B(B0

! K⇤⌫⌫) < 1.8⇥ 10�5 [2], but a measurement of
the branching fraction has not been obtained yet. We
consider operators that do not have significant e↵ects
on B ! K⇤:

1. Scalar operator: the interaction is given by

L �
1

⇤2
S

(b̄s)(�̄1�2), (7)

where ⇤S is a heavy scale. We strictly distinguish
this case from the pseudo-scalar case with b̄�5s as
that would contribute only to B ! K⇤ and not
to B ! K, while the scalar case contributes only

to B ! K and not to B ! K⇤. In our work, we
consider the case where �1 = ⌫L, which is massless
for our purpose, and �2 is a new fermion, possibly
massive. Note that in Ref. [23] it was shown that
a scalar current distribution for the related kaon
decay mode K+

! ⇡+⌫⌫ implies lepton number
violation (LNV) for SM-invariant operators, since
such a current can only be generated via �L = 2
odd mass-dimension operators. We consider the
possibility of �2 being the right-handed neutrino
N , for which case there exists non-LNV operators
at dimension-6 which generate a scalar current,
e.g. the operator OLNQd = ✏ijLiNQjd [24].

2. Vector operator: the interaction is given by

L �
1

⇤2
V

(b̄�µs)(�̄1�µ�2) , (8)

where ⇤V is a heavy scale. �1 and �2 may be a
pair of SM ⌫L⌫L or that of new (massive) neutral
fermions. The quark part of this operator is a
pure vector, which is crucially di↵erent from a SM-
like V�A current. As shown in Fig. 2 of [15], an
additional V�A contribution that fits the B ! K
excess would be severely excluded by the absence
of a corresponding excess in B ! K⇤, while the
pure vector case has the least impact on B ! K⇤

and is still allowed by data. Therefore, for our
interest in identifying the best scenarios, we do
not consider any axial-vector component in the
quark bilinear.

3. Tensor operator: the interaction is given by

L �
1

⇤2
T

(b̄�µ⌫s)(�̄1�µ⌫�2) , (9)

4

excess would be severely excluded by the absence
of a corresponding excess in B ! K⇤, while the
pure vector case has the least impact on B ! K⇤

and is still allowed by data. Therefore, for our
interest in identifying the best scenarios, we do
not consider any axial-vector component in the
quark bilinear.

3. Tensor operator: the interaction is given by

L �
1

⇤2
T

(b̄�µ⌫s)(�̄1�µ⌫�2) , (9)

where ⇤T is a heavy scale. As in the scalar case
above, we consider �1 = ⌫L and �2 to be a new
neutral fermion.

In each of these three cases, we compute the q2 spec-
trum of the decay rate d�/dq2, and the distributions
are given in Fig. 4. The relevant matrix elements and
form factors for the B ! K decay are given in [25, 26]
and also in Appendix A. In the ITA, the distributions
are modified due to the e�ciency and smeared by q2rec.
Two representative cases are shown in Fig. 1.

We find the favored parameter space of the 3-body
scenarios using the same likelihood analysis as we per-
form for the 2-body one, and the results for the cases of
the vector and scalar operators are shown in Fig. 3. For
the vector case, the fit is best at m� = 0.62+0.10

�0.09GeV
and B = (3.5+0.8

�0.6(stat)) ⇥ 10�5 (see the middle panel),
which is close to the measurement made at Belle II.
Since this massive � be can be stable, it is a candidate
of dark matter.

For the scalar operator, the best-fit mass is m� = 0,
while the branching fraction is preferred to be high,
(7.9+1.6

�1.5(stat)⇥ 10�5) (see the right panel). This is due
to that the q2-spectrum peaking at high q2 ⇠ 20 GeV2,
as seen in Fig. 4, is multiplied by the e�ciency which
drops at high q2, see Fig. 2. Therefore, most of the sig-
nal events are discarded by the ITA, which statistically
favors a higher branching fraction to explain the excess.

For the tensor case, since the q2-distribution is very
similar to the scalar case, as seen in Fig. 4, the fitted
results are also similar, and the preferred branching frac-
tion is B = (6.4 ± 1.2(stat)) ⇥ 10�5. We do not show
the tensor case in Fig. 3 for the sake of brevity, but we
quote �2

min for the fit to the decay B ! K�⌫ in Table I.
For the best-fit points in Fig. 3, we find ⇤V ⇡ 6.5 TeV

for the 3-body vector current and ⇤S ⇡ 4.1 TeV for
the 3-body scalar current. The 2-body decay occurs at
tree-level, for which we find an e↵ective coupling �X ⇡

3⇥ 10�4 for L � ��X b̄sX.
As already addressed, our analysis does not include

systematic uncertainty. The systematic uncertainty
would enlarge the allowed parameter space by about
40% unless the uncertainty has a strong q2 dependence.

Based on the values �2
min of di↵erent scenarios, shown

in Table I, we can distinguish the preferred ones out
of them. Testing one hypothesis H1 against the null

�
2
min � 100 2b V V0 S T SM

Belle II 6.8 15.2 4.7 15.1 11.9 44.6

+ BaBar SR 27.6 30.4 22.1 31.8 29.8 61.0

+ BaBar sB < 0.8 73.3 78.8 72.9 90.2 86.9 106.7

TABLE I. The likelihood minima �
2
min for 2-body scenario

(2b), and several 3-body scenarios: two vector cases with
m� = 0 (V) and m� ' 0.6GeV (V0); the scalar (S) and
tensor (T) cases. The rows correspond to the choice of an-
alyzed datasets: first only the Belle II ITA data [7], then
adding the BaBar data [4] within the signal region (SR),
and finally including outside the SR, q

2
< 0.8m2

B . The
bold ones indicate the best-fit or competitive scenarios with
↵(H0 = V0) > 10%. The �

2 values for the SM are also
shown. Only statistical uncertainties are considered.

hypothesis H0 can be evaluated by [27]

↵ =
maxL(H1)

maxL(H0)
= exp

�
�[�2

min(H1)� �2
min(H0)]/2

�
.

(10)

Within the Belle II ITA, we find that the best sce-
nario is the 3-body decay with vector-operator and
m� = 0.62GeV, and the best 2-body scenario is also
competitive. However, the scalar-current 3-body sce-
nario is disfavored, and adding mass to � makes it even
worse. A SM-like shape, i.e. the vector-current 3-body
scenario with massless �, is also disfavored. Even if un-
accounted uncertainties, such as the systematics, lower
�2, say by a factor of two, the scalar and vector opera-
tors with massless � would still have ↵ < 10% against
the best-fit scenario.

a. Combining with other measurements. —
Having considered the Belle II ITA, we now combine

the analysis with past BaBar measurements of B ! h⌫⌫
with h = K0,K+ based on the conventional hadronic
tagging [4]. The shape with the BaBar data (after the
background is subtracted) with several new physics sce-
narios in Fig. 5. A major di↵erence from the latest
Belle II ITA is that the analysis uses q2 rather than
q2rec, and the resolution of q2 is significantly better than
the adopted bin size. Therefore, we can ignore smearing
e↵ects.

For their signal region sB ⌘ q2/m2
B < 0.3, we calcu-

late the log-likelihood �2 for this data, which we then
combine with the result of Belle II ITA. The combined
fits are shown as magenta dashed lines in Fig. 3, and
the values of �2

min are in Table I. While the preferred
parameter regions barely change in all scenarios, the
di↵erence of �2

min between the 2-body scenario and the
best 3-body scenario increases from 2 to 5 because the
signal of 2-body decay should be localized in the second
bin where no excess is seen.

Although sB > 0.3 (q2 & 8.4GeV2) is outside the
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• Unique possibilities to probe Heavy QCD axion @ Belle II based on hadrons.  

• Wishlist  

1. ,  [previous work: Babar recast] 

2. ,  [Babar recast] 

3. ,   prompt [Belle recast]  / displaced [new] 

4. ,  [Babar dedicated analysis, possible to improve further] 

5. ,  [new] 

• CP even scalar →ππ, KK would be interesting too. 

e+e− → Υ → γa a → hadrons

B → Ka a → ηππ

B → Ka a → π+π−π0

B → Ka a → γγ

B → Ka a → hadrons



Thank you!
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FIG. 3. The upper panel shows 2D plots of �2 � �
2
min in the B-mNP plane for di↵erent scenarios. For each plot in the upper

panel, the likelihoods profiling one variable (along the B direction and along the mNP direction) are provided in the lower
panel. The three columns correspond to di↵erent NP scenarios: on the left panel is the 2-body scenario B

+ ! K
+
X, for

which mNP = mX , the center panel is for the 3-body decay B
+ ! K

+
��, mNP = m� mediated by a vector current, while

the right column corresponds to the 3-body decay B
+ ! K

+
�̄R⌫L,mNP = m�, where ⌫L is a SM neutrino.
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FIG. 4. Normalized distributions for B
+ ! K

+
�1�2 via

scalar, vector, and tensor operators as functions of q
2 for

massless �1,2 (solid lines) as well as massive �1,2 (dotted
line) with an equal mass of 0.6GeV. The distributions do
not take experimental e�ciency into account.

given q2rec binning is calculated following Eq. (5) so that
we appropriately fit the signal with the data of the ITA.

IV. TESTING 3-BODY SCENARIOS

The same method is applied to the 3-body case B+
!

K+�1�2 where we have multiple scenarios to consider.
We assume that �1,2 are fermionic in this work. How-
ever, some operators that contribute to B ! K decays
also contribute to B ! K⇤ decays. Belle-II has re-
cently obtained an upper limit on the branching fraction
B(B0

! K⇤⌫⌫) < 1.8⇥ 10�5 [2], but a measurement of
the branching fraction has not been obtained yet. We
consider operators that do not have significant e↵ects

on B ! K⇤:

1. Scalar operator: the interaction is given by

L �
1

⇤2
S

(b̄s)(�̄1�2), (7)

where ⇤S is a heavy scale. We strictly distinguish
this case from the pseudo-scalar case with b̄�5s as
that would contribute only to B ! K⇤ and not
to B ! K, while the scalar case contributes only
to B ! K and not to B ! K⇤. In our work, we
consider the case where �1 = ⌫L, which is massless
for our purpose, and �2 is a new fermion, possibly
massive. Note that in Ref. [23] it was shown that
a scalar current distribution for the related kaon
decay mode K+

! ⇡+⌫⌫ implies lepton number
violation (LNV) for SM-invariant operators, since
such a current can only be generated via �L = 2
odd mass-dimension operators. We consider the
possibility of �2 being the right-handed neutrino
N , for which case there exists non-LNV operators
at dimension-6 which generate a scalar current,
e.g. the operator OLNQd = ✏ijLiNQjd [24].

2. Vector operator: the interaction is given by

L �
1

⇤2
V

(b̄�µs)(�̄1�µ�2) , (8)

where ⇤V is a heavy scale. �1 and �2 may be a
pair of SM ⌫L⌫L or that of new (massive) neutral
fermions. The quark part of this operator is a
pure vector, which is crucially di↵erent from a SM-
like V�A current. As shown in Fig. 2 of [15], an
additional V�A contribution that fits the B ! K

2

FIG. 1. Number of B+ ! K
+
⌫⌫ events at Belle II [7] (black

dots, with error bars shown) after background subtraction,
as a function q

2
rec, using inclusive tagging in the ⌘(BDT2) >

0.98 signal region. In blue is shown the SM distribution [5, 6].
The red line shows the predicted distribution of events for a
3-body decay B

+ ! K
+
�� by a vector current, with m� =

0.6 GeV and B(B+ ! K
+
��) = 3.2⇥10�5 in addition to the

SM. The green line shows B+ ! K
+
⌫L� via a scalar current

for m� = 0 and B(B+ ! K
+
��) = 7.3 ⇥ 10�5. The yellow

line shows the distribution for the 2-body decay B
+ ! K

+
X

with B(B+ ! K
+
X) = 0.7⇥ 10�5 and mX = 2 GeV.
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FIG. 2. Inferred e�ciency in the ⌘(BDT2) > 0.98 signal
region with the inclusive tagging at Belle II.

uniformly in q2rec as follows:

f rec
q2 (q2rec) =

(
(�+ ���)�1 if �� < q2rec � q2 < �+

0 otherwise
,

(4)

�± = (E2
B �m2

B)± 2

✓
1±

|~pB |

EB

◆
|~p⇤

K(q2)||~pB | (5)

where ~p⇤
K(q2) is the momentum of the K in the rest

frame of the B meson, |~pB | = 0.33GeV, and EB =
5.29GeV. For example, B ! KX events with mX =
2 GeV would be spread over 2.5GeV2 < q2rec < 5.5GeV2

as shown in Fig. 1. Similarly, the SM distribution in
Fig. 1 is obtained by applying the momentum spreading
to a vector current for massless fermions with a total
branching ratio as given in Eq. (1). The signal yield of
B+

! K+⌫⌫ is extracted from the top-right panel in
Fig. 18 of Ref. [7] by subtracting the BB̄ and continuum
backgrounds, which is shown as black dots in Fig. 1.

The signal e�ciency, ✏(q2), is another essential input
to process the various scenarios. Although two e�cien-

cies are reported in the latest Belle II analysis, they are
not applicable to the samples with the highest “BDT2”
cut, BDT2 > 0.98, where the excess from the SM back-
ground is visible. Therefore we deduce the e�ciencies
to reproduce the shape of the reported B ! K⌫⌫ distri-
bution. We tune the q2-dependent e�ciency such that
the vector-current mediated distribution with the best-
fit normalization of the ITA analysis, B = 2.7⇥ 10�5, is
multiplied by q2-dependent e�ciency and binned with
the q2rec smearing, and then the resultant distribution is
matched with the one reported in Fig. 18 of Ref. [7]. The
resulting e�ciency, shown in Fig. 2 after interpolation
in q2, is similar in shape to the one with BDT2 > 0.95
reported in the earlier Belle II analysis [9].
For the statistical combination, we construct the

binned likelihood, L =
Q

i fP(N
obs
i ;N ex

i ), using Pois-
son statistics for the ith bin q2i  q2rec < q2i + 1GeV2.
The expectation N ex

i = NBG
i +NK⌫⌫,SM

i +NNP
i includes

the background and the SM B ! K⌫⌫ with as well as
the yield of new physics,

NNP
i = NB±

Z q2i+1

q2i

dx

Z
dq2 f rec

q2 (x) ✏(q2)
dBNP

dq2
, (6)

where NB± = 3.99⇥ 108 at Belle II. We obtain the log-
likelihood, �2 lnL, which is denoted as �2 for simplic-
ity. This method accounts for only the statistical uncer-
tainty. As a check, we obtain B = (2.6±0.4(stat))⇥10�5

for B+
! K+⌫⌫ for ITA, which is reasonably consistent

with B = (2.7± 0.5(stat))⇥ 10�5 reported by Belle II.

III. TESTING 2-BODY SCENARIO

First, we calculate the log-likelihood �2, based on the
2-body decay B+

! K+X scenario. We find the mini-
mum �2

min and obtain the preferred parameter space by
evaluating �2

� �2
min. Since there is a significant mass

preference, we perform the 2D fit in the mX -B space,
and the contours with 1, 2, and 3� are shown in the
upper-left pane in Fig. 3.

Although our method correctly accounts for the sta-
tistical uncertainty, the systematic uncertainty can be
comparable based on the Belle II report. We expect
that including systematic uncertainty lowers the �2 by
a factor of two, resulting in the allowed region being
enlarged by ⇠ 40%, but the tendency of the preferred
parameters would not be a↵ected.

To extract the preferred mass, we use the profile log-
likelihood: finding the best �2 for each mass by profiling
B, which is shown in the bottom left panel. We find a
narrow range of mass, mX = 1.97±0.05(stat)GeV. The
example of distribution in the ITA is shown in Fig. 1.
A similar method is applied for the branching fraction,
leading to B =

�
0.79+0.16

�0.13(stat)
�
⇥ 10�5. This is in ac-

cordance with a recent study of the 2-body scenario [21],
but it does not agree with the other [22]. We wish to
emphasize that the expected number of events in the

5

FIG. 5. Number of B ! K⌫⌫ events (black, error bars
shown) for 471⇥106 BB̄ pairs at BaBar [4] with background
subtracted, as a function of q2. The colored lines show the
same benchmark scenarios as Fig. 1.

signal region and requires more careful treatment of the
uncertainties, it is interesting to examine this region for
further discrimination. For some 3-body scenarios with
the scalar and tensor operators, we expect an excess in
high q2 because the e�ciency in this BaBar study stays
flat until q2 ⇠ 20GeV2 while the e�ciency of the Belle II
ITA is very small for q2 > 10GeV2. Thus, increasing
the branching fraction to fit the Belle II ITA would be
in tension with B+

! K+⌫⌫ result at BaBar, as seen in
Fig. 5. For this reason, the �2

min values of these scenarios
are significantly worsened, see Table I. The best scenario
is still the 3-body decay with massive � via the vector
operator, but the 2-body one is comparable.

Other data sets that may be relevant for us, but are
not included, are the following:

1. In [7], Belle II also reported the q2 result in the
HTA, see Fig. 6. Since the data has a small overlap
with the ITA dataset, we are unable to combine
them. However, we see the trend that the third bin
seems to have a tension with the 2-body scenario
with mX = 2GeV.

2. Belle results via hadronic [1] and semileptonic [2]
tagging: the number of events is measured in bins
of EECL, which is the residual energy deposited
in the electromagnetic calorimeter (ECL). Since
EECL is not related to q2, we are unable to include
this data for testing the various scenarios.

3. BaBar results via semileptonic tagging [3]: The
binning is done in bins of |pK |, the magnitude of
the momentum of the K+ in the center-of-mass
frame. While |pK | has a one-to-one correspon-
dence to q2rec, the final results are reported as an
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FIG. 6. Number of B+ ! K
+
⌫⌫ events at Belle II [7] (black

dots, with error bars shown) after background subtraction
using hadronic tagging, as a function of q2. The colored lines
show the same benchmark scenarios as in Fig. 1.

average of 20 di↵erent BDT analyses. Due to this
unconventional statistical treatment, we cannot
safely add this data to our analysis.

V. CONCLUSION

In this work, we perform a binned-likelihood analysis
of di↵erent NP scenarios mainly based on the recent
Belle II ITA data on the decay B+

! K+⌫⌫. The
NP scenarios we consider are: (a) 2-body scenario B !

KX, and (b) the 3-body scenario B ! K�1�2. For
(b) we consider several operators (scalar, vector, and
tensor) as well as several masses for the new particles.

We find it crucial to account for the fact that the
Belle II ITA data is binned not in the momentum trans-
fer q2 but in q2rec, and for the non-uniform e�ciency. We
augment our analysis with past BaBar data. Our results
are listed in Table I and in Fig. 3.

As seen in Table I, the best fit NP scenario is a 3-body
decay of the B+ via a vector current into K+ and a ��
pair, where m� ' 0.6GeV. This � can be stable and
hence a possible dark matter candidate. Table I also
tells us that the 2-body scenario is not much worse, and
so it still remains competitive.

The right panel of Fig. 3, shows the preferred param-
eter region in the scalar-current 3-body scenario. Mass-
less � fits best, for a branching fraction of B(B+

!

K�R⌫L) ⇠ 8⇥ 10�5. This is about a factor of 3 higher
than the value in Eq. (2). This is an especially clear
demonstration of the importance of considering the non-
uniform signal e�ciency in inferring the branching frac-
tion of NP from the reported excess at Belle II.
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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

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
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, (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

For more detail, KEK Theory seminar by Chakraborty, Mar 15 (16) 9am EST (11 am JST)

*two-loop is the leading order!
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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

4⇡
Cqq(µw) g(µw) +

1
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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
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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

4
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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
uncertainties coming from hadronization or calculation
of axion decay. Therefore this is most robust bound
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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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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].
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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

BR[B→Ka]~10-5 (fa/100GeV)-2
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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:
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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

• Require BR(b→sa) <11%
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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.,
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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
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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

• Change 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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<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
<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

FIG. 1. Leading 1-particle-irreducible diagrams for b ! sa
from the Lagrangian (1).

<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="nnLUthxxljoAQ5KBxi/P33sd5uc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo2ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Awa2M3w==</latexit>

a

<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>
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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
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Other channels
Babar [0804.0411] 

 searchB+ → K+ηX( → KK* → KKπ)

36

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 ηX → KK∗+KK∗ → KKπ
decay channel, we require the Kπ or Kπ invariant mass
to satisfy 0.85 < mKπ < 0.95GeV/c2 for either K±π∓ or
( )

K 0π∓ combinations.

We use the angle θT 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 χ2 of the charged-
track vertex fit and of the invariant mass of the K0

S
or η

candidate relative to the PDG values [4].

We define the helicity angle θH as the angle between
the direction of the B meson and the normal vector to
the ηX three-body decay plane in the ηX rest frame. The
ideal distribution is uniform, H2, or (1−H2) for ηX with
JP = 0−, 1−, or 1+, respectively, where H = cos θH.
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 ζ of
the probability density functions (PDF) Pj . The index
j represents six event categories used in our data model:
the B+ → ηXK+ signal (four categories in each of the
two ηX 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 ηX → KK∗ channel) or other B backgrounds (in the
ηX → ηππ channel). The likelihood Li for each candidate
i is defined as Li =

∑

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

We use a relativistic spin-J Breit–Wigner amplitude
parameterization for the invariant mass of an ηX 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+
→ ηππK+ (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
η′ 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 η(1475)K+

(left) or η(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 η(1475) resonance mass
(m0) and width (Γ) parameters unconstrained, both resulting
in larger values.

ηX → KK∗ → KKπ and ηX → a0(980)π → ηππ. For
the ηX → KK∗ mode, the ηX invariant mass parameteri-
zation is corrected for phase space of the B+ → KK∗K+

decay and averaged over the K∗ → Kπ invariant mass
values. We ignore the interference between the overlap-
ping resonances because it averages to zero for resonances
with different quantum numbers or because these reso-
nances have different final states, such as η(1405) and
η(1475). The former decays mainly to a0(980)π (or di-
rect KKπ) 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 ηX decays [7, 8] and due to potentially different
three-body structure. This interference effect would only
increase the significance estimate because the hypothesis
of zero yield is not affected 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 → KKπ

• 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 → φφK in the region mφφ < 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 φφK signal. The significance does not include
systematic uncertainties.

B+ → φφK+ B0 → φφK0

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 efficiency (%) 28.0 22.5

ΠBi(%) 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+ → φφK+ yield as a function of mφφ.
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 ηc resonance region ([2.94,3.02] GeV
and dashed vertical lines in the inset). The two narrow bins
above the ηc are centered on the χc0 (bin range [3.400,3.430]
GeV) and the χc2 (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 ηc resonance as described above.
The fit yields 100 ± 10 signal candidates. Using

B(B+ → ηcK+) = (9.1± 1.3)× 10−4 and B(ηc → φφ) =
(2.7 ± 0.9) × 10−3 from the PDG [23], a B+ → φφK+;
φ → K+K− reconstruction efficiency of 29% in the
ηc resonance region, and an efficiency of 78% for the
mφφ window of [2.94,3.02] GeV for the ηc resonance, we

TABLE III: Fit results for B+ → φφK+ within ηc resonance
region (mφφ 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+ → φφK+

Events to fit 181
Fit signal yield 100 ± 10

MC efficiency (%) 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+ → φφK+ contribution and any interfer-
ence between the resonant ηc and non-resonant ampli-
tudes. We do not use our B+ event yield to measure
B(B+ → ηcK+) × B(ηc → φφ) due to the potentially
large interference effects between the resonant and non-
resonant φφ 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 ηc 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 ηc region into two regions (above
and below the peak of the resonance). The results are

ACP (mφφ in [2.94, 2.98] GeV) = −0.10± 0.15± 0.02

ACP (mφφ 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+ →
φφK+ decay to investigate the spin components of the
φφ system below and within the ηc resonance. The angles
are defined as follows.

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

• χ: The χ angle is the dihedral angle between the
φ1 and φ2 decay planes in the φφ rest frame.

• θφφ: The θφφ angle is the angle between one of
the φ mesons in φφ rest frame with respect to the
boost direction from the B+ rest frame to the φφ
rest frame.

a → ϕϕ Babar [1105.5159]  
  searchB → Kϕϕ

B
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Typical axion search 

2. Axion dark matter is the most popular.  
Often assume it’s 100% DM and extremely light. 

1. Photon coupling is probed in most searches. 

→
cγα
8π

a
fa

FF̃

Photon couplingOriginal gluon coupling

+(a-hadron couplings)

‣Mass ma~10-4-10-6 eV 

✤Hadronic coupling is often ignored. 

ma<ΛQCDαs

8π
a
fa

GG̃

ΛCP~ΛDM



Kohsaku Tobioka, Florida State University 

Typical axion search 
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Typical axion search 
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Models: additional QCD SU(3)’ to raise ma 
Berezhiani et al(‘01); Hook(’04);  Fukuda et al(‘04). 
Dimopoulos et al(’16); Hook et al(’19); Valenti (’22)… 
Another class: Agrawal and Howe (’17)…
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Typical axion search 
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MeV-GeV QCD axion
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MeV-GeV QCD axion
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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.  

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

aGG̃

aGG̃

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

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

8π
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
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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 

42

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

⟨θ̄⟩ > 10−10!

Refs

Φ2 |Φ |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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Decay modes
 1811.03474, D. Aloni, Y. Soreq, M. Williams
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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
�

��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)


3ha⇢⇢i+

1

3
ha!!i+

2

3
ha��i+ 2ha⇢!i

�

= �F(ma)⇥(2.1GeV�ma)
2↵̃s(ma)

3
p
6

(4Cu + Cd + Cs) , (S27)

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]

C
pQCD,uds
� ⇡

↵2
s(ma)

6⇡2


5 log

⇤2

m2
⇡

+ log
⇤2

m2
K

�
⇥(ma � 2.1GeV), (S28)

C
pQCD,cbt
� ⇡ �

↵2
s(ma)m2

a

72⇡2

"
4
p
3

m2
c

log
⇤2

m2
c

+
1

m2
b

log
⇤2

m2
b

+
4

m2
t

log
⇤2

m2
t

#
⇥(ma � 1.6GeV). (S29)

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

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