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Axionlike particles (ALPs) belong to a well motivated class of particles which are part of a more
complete UV theory. In this work, we initiate and present the inclusion of such ALPs or the conventional
axions in the heavy hadron chiral perturbation theory in a model independent effective Lagrangian way.
Such a framework is well suited for studying heavy to heavy quark flavor preserving transitions. For light
ALPs, the limits on the ALP couplings (or their combinations) turn out to be independent of ALP mass.
Radiative and leptonic decays of heavy vector mesons to corresponding heavy pseudoscalar mesons will be
able to provide some of the most stringent constraints on ALPs, particularly the diagonal couplings.
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The Standard Model (SM) of particle physics allows the
θ term θGG̃, where G denotes the gluon field strength.
Such a term, then has important phenomenological impli-
cations. The neutron electric dipole moment constrains
θ̄ ≤ 10−10, where θ̄ is the physical parameter related to θ via
chiral rotation of the quark fields. This is commonly called
the strong CP problem (see [1–3] for more details) since
θ̄ → 0 does not enhance the symmetry of the theory. One
thus expects θ̄ ∼Oð1Þ. Axions provide an elegant solution
to the strong CP problem [4–7]. See also [8,9]. They are
pseudo-Goldstone particles arising due to the breaking of a
global symmetry, the Peccei-Quinn (PQ) symmetry. In the
original QCD axion setup, they acquire a small mass after
QCD confines, and thus the axion mass and decay constant
get related to the pion mass and decay constant: mafa ¼
mπfπ (see [10–13] for concrete realizations). While this is
rather interesting, it was also realized [14] that other
solutions to the strong CP problem are achievable with
heavier axions or axionlike particles (ALPs). Since we are
interested in a model independent framework, the term
ALP is used interchangably for the axion below. In more
generic models, ALPs may or may not end up solving the
strong CP problem. Often, the term axion or ALP is
employed to indicate a particle like the original QCD axion,
i.e., a particle with couplings like the QCD axion but not
necessarily providing a (complete) solution to the strong
CP problem. A rough way to see this could be by recalling
that there are no global symmetries in a theory of gravity

(see [15–17]). This means that at low energies there would
be suppressed operators such that the global symmetry is an
accidental approximate symmetry of the theory [18–21]. In
such a case, these operators would introduce extra correc-
tion terms to the axion/ALP potential, which, in the absence
of these corrections, would have provided a solution to
the strong CP problem, thus requiring these operators to
be highly suppressed for the solution to approximately/
practically hold. With this rough reasoning in mind, we
proceed without questioning the exact extent to which the
ALPs ameliorate the strong CP problem. There have been
extensive studies on ALPs and their phenomenlogical
signatures. The mass of the ALPs can range from sub-
MeV to several GeVs. The astrophysical observations
typically provide very strict constraints on the sub-MeV
or very light ALPs whie collider searches are well suited for
multi-GeV ALP masses (for an incomplete list of con-
straints/bounds on axion/ALP couplings, see [22–61]).
As the original motivation suggests, ALPs have cou-

plings with the gluons. In specific realizations of the ALP/
axion models, the SM fermions may be uncharged under
the PQ symmetry (KSVZ models) while in the DSFZ
models there are additional couplings to fermions. Similar
additional ALP couplings to fermions are also present in
the supersymmetric or composite Higgs type models;
see [62,63]. In a model independent setup, a complete
set of operators with couplings suppressed by the typical
heavy scale is considered without any direct contact to a
specific model. ALPs would generally also have flavor
dependent, and possibly flavor violating, couplings to the
fermions [64–67] either due to the choice of PQ charges or
via radiative mechanisms. This then opens up the possibil-
ity to study and constrain ALPs via flavor observables.
See [68] for a very detailed discussion of ALP probes via
flavor observables. For an overview of axion models and
generalities, see [69].
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In a UV complete model, there are additional fields
beyond those in the SM. The model assigns specific
quantum numbers or charges to different fields, SM or
beyond, and a consistent set of interaction terms is written.
From the weak scale physics perspective, the heavier
degrees of freedom are systematically integrated out, and
following the standard procedure of renormalization group
evolution equations and running, the effective Wilson
coefficients are determined at the weak scale (see [70]
for RG running for ALPs). Alternatively, we could start just
above the weak scale and add to the SM Lagrangian a set of
terms involving SM fields and only the axion, with no
explicit mention of any additional fields. The ALP (or
axion) couples to the Higgs and chiral fermion fields via the
derivative couplings to a set of gauge invariant operators,
while the couplings to the gauge bosons have the form of
the θ term. Proceeding this way may be advantageous since
the original fields before the PQ symmetry breaking would
mix in appropriate linear combinations after the PQ
symmetry is broken. Unless there is a concrete UV
complete model to work with, this may be a better approach
particularly when the interest is in ALPs and not the other
particles of the extended model. The most general set of
interaction terms at the weak scale then reads as [71–73]

Lint ¼
∂
μa
F

�
cϕϕ†iDμϕþ

X
f

cff̄γμf

�

þ
X
V

cVV
αV
4π

a
F
VμνṼμν; ð1Þ

where the sum in the first line runs over all the chiral
fermions, f, while V in the second line runs over gluons
(Aa

μ), SUð2ÞL and Uð1ÞY gauge bosons, Wi
μ and Bμ

respectively. 4πF ¼ ΛPQ is the PQ symmetry breaking
scale. Thus, the coupling of the fermions with the ALPs
would have the vector and axial-vector pieces in general.
More specifically, the ALP-quark couplings acquire the
general form

LALP−q ¼
∂
μa
F

ðqLkQγμqL þ qRkqγμqRÞ; ð2Þ

where the left- and right-handed derivative quark couplings
are denoted by Hermitian matrices kQ and kq respectively.
A priori, there is no reason for the low energy ALP-quark
couplings to be same for both the chiralities. The coupling
to the Higgs boson is actually a redundant operator and can
be removed in favor of the fermion-ALP interaction term,
plus a term which vanishes by equation of motion. Further,
below the weak scale, after the electroweak symmetry
breaking, W and Z are not the dynamical degrees of
freedom. Thus, the effective theory at scales below the
weak scale only has ALP couplings to light fermions,
gluons, and photons. The ALP couples to photons with a
strength, cγγ , which is a linear combination of cWW and cBB.

The quantities cf are Hermitian matrices: different for the
left and right chiral fermions. Possible off diagonal entries
in these matrices would lead to flavor changing transitions.
At the mesonic level, the above Lagrangian is matched onto
an effective chiral Lagrangian by first removing the
ALP-gluon interaction term, accomplished through a chiral
rotation of the quark fields:

qðxÞ → exp

�
−icGGðδq þ κqγ5Þ

aðxÞ
F

�
qðxÞ; ð3Þ

where the Hermitian matrices δq and κq are chosen to be
diagonal in the mass basis. Imposing TrðκqÞ ¼ 1 com-
pletely eliminates the ALP coupling to gluons while at
the same time modifying couplings to photons and quarks.
The pseudoscalar mesons are contained in the field Σ:

ΣðxÞ ¼ exp ½2iM=fπ�; ð4Þ

where M ¼ TaΠa=
ffiffiffi
2

p
is the matrix containing the octet

mesons, with Ta being the Gell-Mann matrices, and Πa are
the pseudoscalar mesons. The covariant derivative acting
on Σ allows one to include the derivative couplings of the
ALPs with the chiral quark fields. The original left- and
right-handed derivative quark couplings by kQ and kq are
then modified after the above chiral rotation on the quark
fields is performed and are are given by

k̂QðqÞ ¼ expðiφ−ðþÞ
q a=FÞ½kQðqÞ þ φ−ðþÞ

q �
× expðiφ−ðþÞ

q a=FÞ; ð5Þ

where

φ� ¼ cGGðδq � κqÞ: ð6Þ

The covariant derivative on the field Σ then reads as

iDμΣ ¼ i∂μΣþ eAμ½Q;Σ� þ
∂μa

F
ðk̂QΣ − Σk̂qÞ; ð7Þ

where Q ¼ DiagonalðQu;Qd;QsÞ are the fractional quark
charges. It was pointed out in [73] that the derivative
coupling above, which was missed in the original work [71]
and in subsequent studies, has important consequences for
K → πa modes. Below, we’ll find the same derivative
coupling at work. Further, if one assumes minimal flavor
violation [74], the diagonal quark couplings respect the
relations [72]

css ¼ cdd; ðkdÞ11− ðkdÞ22¼ 0¼ðkDÞ11− ðkDÞ22: ð8Þ

The flavor observables usually considered probe the off
diagonal couplings. Which processes or observables can
probe the diagonal couplings? To this end, we consider
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heavy vector mesons (D�; B�) decaying to heavy pseudo-
scalar mesons (D, B) and an ALP. For the heavy to heavy
transitions involving additional light mesons, the appro-
priate framework is the heavy hadron chiral perturbation
theory (HHChiPT) [75–78]. This is what we shall follow
below since the ALP coupling is automatically included via
the covariant derivative defined above. The nonderivative
couplings of ALPs to the quarks and mesons get included
via the ALP field dependent quark mass matrix:

m̂qðaÞ ¼ exp

�
−2ikqcGG

a
F

�
mq; ð9Þ

wheremq ¼ Diagonalðmu;md;msÞ. The physical ALP field
will mix with the neutral pseudoscalars. At the leading order
in 1=F, the ALP-π0 mixing angle after making a judicious
choice, kq ¼ m−1

q =Tr½m−1
q �, turns out to be proportional

to ALP mass squared: θaπ ∝
fπm2

a
Fðm2

π−m2
aÞ ðĉuu − ĉddÞ, where

ĉqq ¼ kq − kQ þ 2κqcGG. The combinationΔĉ ¼ ĉuu − ĉdd
is isospin violating and therefore, θaπ is an isospin violating
factor. A rough estimate of this factor could be obtained from
the isospin violating factor md−mu

ms−ðmuþmdÞ=2 ≃ 0.02which enters

the isospin violating decay D�
s → Dsπ

0 via the η − π mix-
ing [79]. Thus we naively have Δĉ ∼Oð0.02Þ. For light
ALPs, ma ≪ mπ; this mixing is rather insignificant. The
situation is different for ma close to mπ .
Chiral perturbation theory (ChiPT) is well suited for

describing the physics of the pseudo-Goldstone bosons
forming the octet mesons (see [80–83]). The other extreme
limit is that of hadrons containing a heavy quark of mass
mQ. In the infinite mass limit, mQ → ∞, hadrons contain-
ing a heavy quark form degenerate doublets of total spin.
As an example, and what is relevant for the present
purpose, for the light degrees of freedom having spin
1=2, there will be spin zero and spin one states which are
degenerate in mass. Since the spin interactions scale as
1=mQ, in the infinite mass limit the spin orientation of the
light degrees of freedom therefore plays no role in
determining the gross properties. This then allows for a
systematic expansion in 1=mQ yielding corrections to this
extreme limit which can be reliably calculated. The
effectiveness is clearly seen from the following mass
differences [84]:

mB� −mB∼45MeV; mD� −mD∼142MeV>mπ: ð10Þ

Very evidently, the heavy quark symmetry is expected to
work much better in the bottom quark sector than the charm
quark. Though mc > ΛQCD and thus reliable results based
on heavy quark symmetry (and accounting for systematic
corrections in 1=mc) can be obtained, the fact that
mD� −mD > mπ , while the same is not true for B mesons
has important implications: D� → Dπ decays are allowed
while no such decays are kinematically possible for B�.

However, D� (B�) decaying to DðBÞ and an ALP is
possible. For mesons having a heavy quark Q and light
(anti-)quark qa (a ¼ u, d, s), the pseudoscalar mesons are
denoted by Pa while the vector mesons are denoted by P�

a.
We have the multiplets: ðD0; Dþ; DsÞ, ðD�0; D�þ; D�

sÞ and
ðB−; B0; BsÞ, ðB�−; B�0; B�

sÞ. The velocity of the heavy
fields is denoted by vμ. It is convenient to combine these
mesons in a 4 × 4 matrix, Ha:

Ha ¼
�
=vþ 1

2

�
½−Paγ5 þ P�μ

a γμ�: ð11Þ

Employing Ha and Σ, the most general SUð3ÞL × SUð3ÞR
invariant terms can be written:

LHHChiPT ¼ −iTr½H̄avμ∂μHa�

þ i
2
Tr½H̄aHbvμðΣ†

∂
μΣþ Σ∂μΣ†Þba�

þ i
2
gTr½H̄aHbγμγ5ðΣ†

∂
μΣ − Σ∂μΣ†Þba�

þ � � � : ð12Þ

It is then straightforward to expand in powers ofM to obtain
the Feynman rules for light pseudoscalars π,K, η interacting
with heavy mesons. The coupling strength g is independent
of the heavy quarkmassmQ owing to the heavy quark flavor
symmetry. What this means is that when employing the
HHChiPT Lagrangian, it is the same coupling g that will
enter the D� and B� decays. It is instructive to recall that in
the heavymass limit, the coupling g (also denoted by ĝ in the
literature) is related to gP�Pπ coupling (computed by means
of the P�Pπ correlation function) via the relation
limmQ→∞ gP�Pπ=ð2mPÞ ¼ g=fπ . Estimates for g range from
0.3 to 0.49 and are sensitive to the method used to compute
(see for example [85]). This relation is expected to get
corrections as strictly speaking mc ≠ mb. To linear order in
M, LHHChiPT yields

Lint ¼ −
g
fπ

Tr½H̄aHbγμγ5∂
μMba�

¼
�
−
2g
fπ

∂
μMbaP

†
aP�

bμ þ H:c:

�

þ
�
2ig
fπ

�
∂
μMbaP

�α†
b P�β

a vλϵαλβμ þ � � � ; ð13Þ

where ellipses denote terms higher than quadratic in P; P�
which are not needed for the present purpose. It is to be noted
that there are no PaPbMab terms due to parity argument.
This interaction Lagrangian then immediately results in
P� → Pπ decay rate (applicable only for D� decay)

ΓðP� → PπaÞ ¼ g2

6πf2π
δajp⃗πj3; ð14Þ
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with δa¼1=2 for π0 in the final state and unity otherwise, and
jp⃗πj ¼ 1

2mP�
ð½m2

P� − ðmP þmπÞ2Þ�½m2
P� þ ðmP þmπÞ2Þ�Þ1=2.

It is now straightforward to include ALPs in the
interactions by making the replacement i∂μ → iDμ in
LHHChiPT, with the covariant derivative defined above.
After some algebra and making use of the Hermiticity of
k̂QðqÞ, the ALP interaction term reads as

LALP ¼ g
∂
μa
F

Tr½H̄aHbγμγ5ðk̂Q − k̂qÞba�: ð15Þ

Comparing Lint and LALP, it is easy to see that the same
HHChiPT coupling g enters both, and further the structure
of the interaction terms is very similar. LALP provides
a direct derivative term for P�

a → Pa þ ALP while the
ALP-π0 mixing provides an indirect channel for the ALP
production. Because of charge conservation, it is the
combination of the diagonal couplings that enters
ΓðP�

a → Pa þ ALPÞ, i.e., a ¼ b.
For ma ≪ mπ, when the ALP-π0 mixing is negligible,

the decay width for P�
a → Pa þ ALP is dominated by the

direct ALP derivative term in the interaction Lagrangian,
and is given by

ΓðP�
a → Pa þ ALPÞ ¼ g2

6πF2
jðk̂Q − k̂qÞaaj2jp⃗aj3

¼ 2

�
f2πjp⃗aj3
F2jp⃗πj3

�
jðk̂Q − k̂qÞaaj2

⊗ ΓðP�
a → Paπ

0Þ; ð16Þ

where the second line holds only for the charm mesons. For

very light ALPs, jp⃗aj ¼ ðm2
P�−m

2
PÞ

2mP�
. Thus, jp⃗aj ∼ 145 MeV

for D� decays while it is ∼45 MeV for B� decays. Using
the above, we therefore have the following relations:

ΓðB�
a → Ba þ ALPÞ

¼
�jp⃗ajB�

jp⃗ajD�

�
3

|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
∼0.03

ΓðD�
a → Da þ ALPÞ: ð17Þ

The absolute decay width is known only for D�þ [84]:
ΓD�þ
tot ¼ 83.4� 1.8 keV, while for D0� and D�

s only upper
limits are available. To get some idea, we make use of ΓD�þ

tot
and individual branching ratios:

BRðD�þ → D0πþÞ ¼ ð67.7� 0.5Þ%;

BRðD�þ → Dþπ0Þ ¼ ð30.7� 0.5Þ%;

BRðD�þ → DþγÞ ¼ ð1.6� 0.4Þ%: ð18Þ

These very simply add to 100% with an error of about
0.8%. For the sake of illustration, assuming a difference of

0.5% between the total and sum of the individual channels,
provides an upper limit on ΓðD�þ→DþþALPÞ<0.4keV.
This in turn yields, ΓðB�0 → B0 þ ALPÞ < 0.012 keV.
Isospin or flavor SUð3Þ symmetry can further be used to
obtain an estimate of other decay widths. Using the above
estimate, in conjunction with the second line of Eq. (15),
one obtains a constraint on the ALP couplings by assuming
a value for the ALP decay constant F. For the QCD axion,
1=F ¼ −1=ð2cGGFaÞ. For ma ≪ mπ, these limits and
constraints are essentially independent of the ALP mass.
We now consider the impact due to θaπ , i.e., the diagram

on the right in Fig. 1. The rate due to ALP-pion mixing then
reads as

ΓðP�
a → Pa þ ALPÞ ¼ g2θ2aπ

12πf2π
jp⃗aj3

≤ 10−5
g2

6πF2

�
m2

a

m2
π −m2

a

�
; ð19Þ

where use has been made of the crude estimate of the
isospin violating factor Δĉ ¼ ĉuu − ĉdd. The huge suppres-
sion can only be compensated for ma very close to
mπ . Away from this, the suppression factor makes the
ALP-pion mixing contribution completely insignificant.
For the same reason that there are no PaPbMab terms,

there are no terms with the light pseudoscalar mesons
replaced with the ALP field. However, the ALP included
HHChiPT Lagrangian yields terms quadratic in heavy
vector mesons and ALP. Since the mass difference between
heavy vector mesons containing s-quark and d-quark both
in the charm (∼100 MeV) and bottom sector (∼90 MeV)
is smaller than the pion mass, P�

s → P�
d þ ALP is possible

while pionic modes are kinematically forbidden. The
interaction Lagrangian, Eq. (15), also contains the coupling
for two vector mesons interacting with an ALP. Recalling
that Ha ¼ ðvþ1

2
Þ½−Paγ5 þ P�μ

a γμ� and H̄a ¼ γ0H†
aγ0, one

can now expand Eq. (15) to pick out the leading term
containing two powers of P�

a (employing straightforward
Dirac algebra twice to bring the two terms containing the
velocity vector (=v) to the common form) such that the
amplitude for a process like D�

s → D�þ or B�
S → B� which

involves transitions from a ¼ 3 to b ¼ 2 reads as

AðP�
s →P�

dþALPÞ¼ 2g
F
ðk̂Q− k̂qÞ23pμ

aεα2ε
β
3v

λϵαλβμ: ð20Þ

FIG. 1. Feynman diagrams for a heavy vector decaying into a
heavy pseudoscalar meson and ALP. Left: direct ALP coupling.
Right: ALP-π0 mixing. The blob denotes θaπ .
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Owing to electromagnetic charge conservation, transitions
like D�þ → D�0 with an ALP emission are not allowed.
The combination of ALP-quark couplings entering the
above set of amplitudes is the same that enters Bs → μμ
amplitude along with ALP coupling to muons. It will be
interesting if experimental transitions like B�

d;s → D�0 þ
ALP can be studied since these will then probe 3-1 and 2-1
couplings. Similarly B�þ → D�þ þ ALP.
We next turn to D�

s → Dseþe− (See Fig. 2). The
branching ratio for the decay mode is ð6.7� 1.6Þ × 10−3

and the branching ratio for the radiative mode is
ð93.5� 0.7Þ% [84]. Decay to a pion in the final state is
isospin violating, and therefore the radiative decay domi-
nates. A rough estimate for the branching ratio can be made
by multiplying the branching ratio for the radiative D�

s

decay by αem. We thus obtain 0.935αem ∼ 6.8 × 10−3 which
is rather in good agreement with the leptonic branching
ratio quoted above. This then provides a good avenue
to constrain the ALP quark and electron couplings.
Alternatively, using information on the ALP-electron cou-
pling from other mesonic decays and lepton flavor violating
processes, one can obtain constraints on ðk̂Q − k̂qÞ33=F.
The leptonic channel is also expected to play an important
role in the case of B�

s → Bs transitions since pionic final
state is kinematically forbidden. The radiative decay is
expected to saturate the width, but there would be some
window for the leptonic channel. A precise measurement of
the radiative and leptonic modes will help set stringent
bounds on the ALP couplings.
The next step would be to consider ALP interactions at

the loop level. This would include not just renormalizing
the HHChiPT Lagrangian at the one loop level but also
ALP contribution to P� → Pγ and P� → Pπ processes via
loops. Some representative diagrams are shown in Fig. 3. A
proper study at the one loop level would require a careful
expansion of the HHChiPT and ChiPT Lagrangians in

order to include the relevant ALP interactions, including
possible vertices with ALP and pion or photon together
with heavy mesons.
In the present work, we have initiated a study of ALPs

interacting with heavy mesons by systematically incorpo-
rating the ALPs in the HHChiPT. Utilizing the leading
interactions, and the available branching ratios for the
heavy vector meson decays, decay rates to final states
containing an ALP are estimated. It is shown that the
constraints are essentially independent of ALP mass if
ma ≪ mπ and the ALP-pion mixing plays no role. Only
when ma → mπ is there a contribution from the mixing
term. For heavier ALPs, the ALP mass would enter the
decay rate through jp⃗aj which will be defined similar to
jp⃗πj. We have restricted ourselves to a general model
independent framework for the ALP interactions. In a given
ALP or axion model, the specific nonzero couplings of the
ALPs with the SM fields can then be considered and RG
evolved to the lower scales. The RG evolution would also
generate more couplings at the lower scale even if they
were zero to start with. In a concrete UV model, due to the
structure of the model, there may be one or two nonzero
couplings at the high scale, which would generate other
couplings at the lower scales, and direct constraints could
be put on those couplings. A detailed study on specific
ALP/axion models, including the one loop contributions
properly taken into account via the ALP-HHChiPT and
ALP-ChiPT interactions is left for a future study.
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