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Abstract: We study the possibility to find the axion-like particles (ALPs) through the leptonic decays of heavy
mesons. The Standard Model (SM) predictions of the branching ratios of the leptonic decays of heavy mesons are

less than corresponding experimental upper limits. This provides some space for the existence of decay channels
where the ALP is one of the products. Three scenarios are considered: first, the ALP is only coupled to one single

charged fermion, namely, the quark, the antiquark, or the charged lepton; second, the ALP is only coupled to quark
and antiquark with the same strength; third, the ALP is coupled to all the charged fermions with the same strength.
The constraints of the coupling strength in different scenarios are obtained by comparing the experimental data of the
branching ratios of leptonic decays of B~, D*, and D! mesons with the theoretical predictions which are achieved

by using the Bethe-Salpeter (BS) method. These constraints are further applied to predict the upper limits of the

leptonic decay processes of the B, meson in which the ALP participates.
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I. INTRODUCTION

In 1977, Peccei and Quinn introduced a new global
chiral symmetry [1], known as U(1)pq symmetry, to ad-
dress the strong CP problem in QCD, that is, the absence
of CP violation in the strong interactions and the
neutron's electric dipole moment (EDM) being forbidden.
At a energy scale f,, such a symmetry is assumed to be
spontaneously broken, which results in the appearance of
a pseudo-Nambu-Goldstone boson, namely the axion
[1-5], whose mass m, is constrained by the relation
my ~ m}Tf”, where m, and f, are the mass and decay con-
stant of pion, respectively. This means that if the energy
scale f, is very high, the axion should be extremely light.
The condition can be relaxed if we are not just limited to
such QCD axion, but consider more general Axion-Like
Particles (ALPs) [6—8]. In such cases, both the PQ sym-
metry breaking scale f, and the ALP mass m, can be con-
sidered as independent parameters.

People are interested in ALPs in many aspects. Theor-
etically, a large number of ALPs are predicted by string
theories [9, 10] and supersymmerty[11, 12]. These
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particles may play an important role in the evolution of
cosmology, most importantly, as a candidate of dark mat-
ter [13]. The cosmological and astronomical observa-
tions can set strict constraints on the very light ALPs
[14—20]. The phenomenology of ALPs have also been
extensively studied at the Large Hadron Collider (LHC)
[21-29]. For example, they can be produced by the de-
cays of on-shell Higgs/Z boson [6, 29], or participate as
off shell mediators in the scattering processes [30]. At
high-luminosity electron-positron colliders, ALPs with
mass in the MeV-GeV range can also be explored non-
resonantly or resonantly [31-36], which means they can
be produced directly by coupling to the charged leptons
or the gauge bosons, or produced through the decays of
final mesons. For example, in Ref. [35] the production of
ALPs at B factories is considered, including the contribu-
tions of e*e” — ya and e*e” — YT — ya. Recently, the BE-
SII experiment [37] use a data sample of ¥(3686) to get
the upper limits of the branching fraction of the decay
J/W¥ — ya and set constrains on the coupling g, in the
mass range of 0.165 GeV < m, < 2.84 GeV. The fixed tar-
get experiments are also promising methods in searching
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ALPs [38—44], as the detectors can extend tens of meters
and suitable for the detection of long-lived particles. The
ALP productions though K meson decays are usually in-
vestigated in such cases [38—41].

Except the methods mentioned above, the decays of
heavy-flavored mesons also provide a way to probe
ALPs. On the one hand, a large number of bottomed and
charmed mesons have been produced at B factories and -
charm factory, respectively, and on the other hand, a lar-
ger range of m, can be looked into in the decays of heavy
mesons compared with that of K meson. We will focus on
the decay processes h~ — ¢~ E, where h~ =D, D], B",
or B;; {"=¢",u", or v; [E represents the missing en-
ergy. In the Standard Model, E is carried away by the
antineutrino (see Fig. 1), and the corresponding partial
width is

G? 2 2\?
P = 7) = S5 v [ par i (1= 20)

where Gr is the Fermi coupling constant, f;, is the decay
constant of # meson, Vy, is the CKM matrix element, M
and m, are the masses of the meson and the lepton, re-
spectively, and the neutrino mass is assumed to be zero.
If an ALP can also be produced and has long enough life-
time to escape the detector, we will have TI'(h~ —
- E)=T(h~ - v)+I(h™ - € va). Then the experi-
mental results of 4~ — ¢~ E, which are presented in
Table 1, can be used to constrain the coupling between

-

q vy
Fig. 1. The diagram of two-body leptonic decays of charged
heavy meson.

Table 1. Experiment results of B(B~ — (" E), B(D™ —
{” E),and B(D; — (" E).

Channel Experiment values
BB~ — e E) <9.8x 1077 [45]
BB -y E) (5.3+2.0+0.9)x 1077 [46]
BB~ -1 E) (72+£2.7+1.1)x 1075 [47]
B(D; - e E) <0.83x 1074 [48]
B(D; —»u” E) (0.5294 +0.0108 +0.0085) x 1072 [49]
B(D; -1 F) (5.44+0.17+0.13) x 1072 [50]
BD™ — e E) <8.8x107° [51]
BD™ -y E) (3.71£2.7+1.1)x 1073 [52]
B(D™ -1 F) (120+0.24+0.12) x 1075 [53]

the ALP and SM particles.

What we will do in this article is inspired by Refs.
[54—57] where the processes h~ — ¢~ v,a with a being an
ALP were studied. Beyond the considerations for the case
of pseudoscalar, Ref. [54] also considered the possibility
that a being a vector particle. Here we will also probe
such processes, but with three main differences. First, the
hadron transition matrix elements will be calculated by
using the Bethe-Salpeter (BS) method. This method has
been widely used to study the weak decays [58—60],
strong decays [61] and electromagnetic decays [62] of
heavy mesons, and the theoretical results are consistent
with the experimental data. Second, for the coupling of
ALP with quarks, we consider the interference effects of
different diagrams, and extract the allowed range of para-
meters in'a more general way. Third, we will explore the
ALP production from the decays of double heavy meson
B., that is B. — ¢"v,a, which could give the constraint in
alarger mass range of ALP.

The paper is organized as follows. In Section II, we
write the effective Lagrangian which describes the inter-
action between ALPs and charged fermions. Then we cal-
culate the hadronic transition matrix elements of the
h~ — ¢ vea processes by using the BS method. In Section
III, we apply the experimental results to extract the al-
lowed regions of the parameters which are then used to
calculate the upper limits of the branching fractions of the
B, decay processes. Finally, we present the summary in
Section IV.

II. THEORETICAL FORMALISM

Generally, the ALPs can interact both with the fermi-
ons and gauge bosons. Here in the case of leptonic de-
cays of heavy mesons, we only consider the tree level
diagrams shown in Fig. 2 which represent the interaction
of the ALP with SM fermions. The contributions of
gauge bosons are of higher order and assumed to be neg-
lected. The effective Lagrangian, which describes flavor
conserving processes, consists of dimension-five operat-
ors [54—57]

d,a _ .a _
LoD —ﬁ ZC:“//W#YSI//:‘ = l? ZCimil/fﬂslﬁi, )

i

where ¢; is the effective coupling constant with the index
i extending over all the fermions. As Refs. [55—57] did,
in the last step we have used the equation of motion to re-
write the expression. This corresponds to the use of an-
other operator basis, which will lead to the different up-
per limits of ¢;. However, when we calculate the decay
channels of B, meson, two methods give quite close res-
ults. The dependence of the fermion mass m; indicates
that the ALP does not couple directly with the neutrinos
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Feynman diagrams of /1 — ¢ya. (a), (b), (¢) and (d) represent the ALP couples with the quark, antiquark, charged lepton and

Fig. 2.
antineutrino, respectively.

and Fig. 2(d) needs not to be taken into account, which
will simplify the calculation.

The Feynman amplitude corresponding to each ' dia=
gram can be written by using the meson wave function.
Here, as we are considering the heavy flavored meson,
which can be seen as a two-body bound state including at
least one heavy quark (or antiquark), the' instantaneous
BS wave function is appropriate for the calculation. This
kind of wave functions have been extensively used to
study the decay processes of heavy mesons. For the
pseudoscalar meson, its wave function has the form [63]

JACDIES
3)

¢lg) =M gﬁ(m) +h(q)+ %fs(qﬁ + %

where P is the meson momentum, and ¢ is the relative
momentum between the quark and antiquark; ¢! =
q" =% Papr = (0, g); f; is the radial wave function which
can be achieved by solving the eigenvalue equations nu-
merically (e.g. the detailed results for B, meson can be
found in Ref. [64]).

The amplitude corresponding to Fig. 2(a) can be writ-
ten as

_ Gp chQ /
M, =- \/§ 7 Vy0 VN, 20 Try#(l Y)
1 5 - 5
ey m— <p(cu)} xdgk)y" (1-7") vi(ks),  (4)

where ¢, is coupling constant; m, is the mass of quark
Q; N, =3 is the color factor; k,, k,, and k; are the mo-
menta of ALP, charged lepton, and antineutrino, respect-
ively; po is the momentum of quark Q, which is related

(d)

to Pand g as po = ,nQ+qu +q with m, being the mass of
the antiquark. To get Eq (4), we have made an approxim-
ation, namely po ~ mQ+m P+q,, so that the denominator
is independent of the time component of the relative mo-
mentum g. After integrating out ¢, , M, becomes

M = —iAg (F1P*+ Fakt) e (k)y* (1-9°) vilks), (5
where we have used Ag = Cme ?FV"Q for short; F, and F,

are the form factors of the hadronic transition matrix ele-
ment, which are functions of the squared momentum
transition (P —k,)>.
Similarly, the Feynman amplitude corresponding to
Fig. 2(b) can be written as
GF Cqmy

d’q,
V2 h WWW/@MJT

(1-7) Qﬂ(ql):| X i (ke)y, (1-

1

M- |
b= Y5 17,,— ,ka+mq

,yll

) vi(ks), (6)

where ¢, is the coupling constant; m, and p, are the mass
and momentum of the antiquark, respectively; p, has the
form pg = P—q.. After integrating out ¢, , we get

Mg
mo+mg

M, = iA (G P +Golite(ke)y, (1-7) valks),  (7)

cqmyGFV,
where A, = ";7\'}’9 G, and G, are form factors.

When calculating the integral, one must be careful,
since as the relative momentum ¢ changes, the denomin-
ator of the propagator may be zero, which will lead to a
nonvanishing imaginary part of the form factors [65].
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Specifically, we can write the propagator as

1 _ bojg= ka=mgyq
boj— ka+mg,—ie  a+bcosfO+ie

®)

where 6 is the angle between ¢ and k,. @ and b are ex-
pressed as

2
m 5 -

a= (mQ-Qan% —Ea> —m2,, —§ — kb = x2|IIK],
where E, is the energy of the ALP. We will first integ-
rate out cos@ analytically, and then integrate out |g] nu-
merically. As ¢ changes, a+ b and a — b may have oppos-
ite signs, which means with a specific value of 9 the pole
can exist.

The Feynman amplitude corresponding to Fig. 2(c)
can be written as

.G comy /
M.=—-i— V.0 VN,
vz f.

_ 1 5
X ite(ke)ys myy (1 -y ) vy (ky).

d3‘]J_ 5
oy Tr [ (1-7) ¢(q.)]

®

where ¢, is the coupling constant. The hadronic part of
the amplitude is proportional to the meson momentum
[66], with the proportionality being the decay constant f;

d3
VW [ SE -y . (10)
Using Eq. (10) and defining A, = qmjfci\g% for short,

M. is simplified as

. _ Ppet ko +my
. =—IiA k)ys——
M iA¢ fulte(ke)ys 212,k

a

P(1=7") vilks). (11)

The total Feynman amplitude is M = M, + M, + M..
And the partial width of such a decay channel is achieved
by finishing the three-body phase space integral

1 Efmax Eymax(E¢)
re_ 1 / dE, / dESMP,  (12)
64’ M me Esmin(E¢)

where the upper and lower limits have the following
forms

M? -2ME;+m? —m?

a

2AM—-E,F \JEI—-m2)

Ef/max/min(Ef) =

III. NUMERICAL RESULTS

In this section, we will first use the formulas obtained
above to calculate the limits of the coupling constants,
and then the results will be applied to investigate the sim-
ilar decays of the B. meson. We will focus on three dif-
ferent scenarios: first, the ALP couples only with a single
fermion, namely the quark, the antiquark, or the charged
lepton; second, the ALP couples with quarks and anti-
quarks, but not with leptons; third, the ALP couples with
all the charged fermions with the same coupling constant.

During the calculation process, the following numer-
ical values of three groups of physical quantities are ad-
opted. (1) The masses of constituent quarks are from Ref.
[67]: m,=0.305 GeV, m,;=0311 GeV, m;=0.5 GeV,
m. =162 GeV, and m, =496 GeV. (2) The relevant
CKM matrix elements are from Particle Data Group
(PDG) [68]: |V.| =3.82%x 1072, |V,4 = 0.211, |V, = 0.975,
and |V.,| =41.1x 1073, (3) The decay constant of D, D;,
and B mesons are the Lattice QCD results [69]:
fo=212.6 MeV, f, =249.9 MeV, and f; = 188 MeV.

A. Scenario 1

We consider separately the coupling between the ALP
and each charged fermion. For example, by setting ¢, and
¢, to zero, we get the branching fraction of A~ — ¢ va
with ¢o/f, and m, being unknown parameters. Then us-
ing the experimental results in Table 1, we get the upper
limits of c¢o/f, as functions of m,. The same is true for
the other two cases. The results are shown in Fig. 3. One
notices that the curves raise rapidly when m, is large
enough, which is mainly because the decreasing of phase
space. The most stringent upper limits for different coup-
ling constants come from different decay channels. For
example, Fig. 3(a) shows that the most strict constraints
of ¢,/f, and c./f,, which are of the order of 10> TeV™'
when m, is less than 1 GeV, come from B~ — " v,a and
D! — e*v,a, respectively. One can also notice that the up-
per limit of ¢,/ f, in Fig. 3(c) is much higher than those of
co/ fa set up by the same channels, which is because of
the small m, .

Using above results, we can impose restrictions on
B(B, — {~v,a), which are presented in Fig. 4. We can see
that when m, is less than 1 GeV, the branching ratios up-
per limits for ALP-quark coupling cases are of the order
of 10~*, while for the ALP-tau coupling case, the order of
magnitudes is 1072, which is much larger than those of
the ALP-¢/u coupling cases. We also notice that all the
curves, except the one corresponding to B, — v v.a in
Fig. 4(a), show an ascending trend. This is because the
maximum value of m, permitted in the B, decay is larger
than that in the same decays of B and D, mesons. For
example, when we use c¢,/f, from B~ — p v,a to con-
strain the branching ratios of B, — u v,a, the result
blows up before m, reaches its maximum. The appear-
ance of kinks in Fig. 4(c) is because we have used c,;./ f.
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Fig. 3.
D, D, and B mesons.

from different channels when m, takes different values.

B. Scenario 2

In this scenario, we consider the case that the ALP
couples with quarks but not with leptons. Two assump-
tions are made. First, all the coupling constants are as-
sumed to be real numbers, and no additional relative
phase is introduced. Second, the coupling constants of the
ALP and light quarks, denoted by ¢,, are assumed to be
equal, while for those of heavy quarks, ¢, (Q = ¢, b) may
have different values. We let ¢, be a free parameter, then
use the experimental results of B and D mesons to
provide constraints on ¢, and c.. Specifically, we first
write the following expression,

ST=T(h — ¢ E)-T(h™ — %)

2
‘o
i

2
]

>T(h — Cva) = =

~ ~ (,'ch,.,
FQ+ Fq+—2 FQq,
i

(13)

0.1

mg [GeV]

()

(color online) The upper limits of the coupling constants (a) co/fa, (b) ¢4/ fa and (c) c¢/f, derived from the leptonic decays of

where the three terms on the right side of the last equa-
tion represent the contributions of Fig. 2(a), 2(b) and their
interference, respectively; I' denotes the decay width
devided by the coupling constant sqaured, which can be
calculated theoretically.

The experimental allowed region for ¢, and ¢, is de-
termined by Eq. (13). We investigate all the decay chan-
nels, and find that the decays of B~ and D~ mesons give
the most stringent constraint. The area of the parameter
space depends on m,. In Fig. 5, as two examples, we
show the results when m,=0, and 1.6 GeV, respectively.
One can see that when m = 0 GeV, the two areas are com-
parable, while when m = 1.6 GeV, the area for Q = ¢ (just
partially plotted) is more larger than that of Q = b.

Next, we scan the experimental allowed parameter
area in Fig. 5, and calculate the limits of B(B, — ¢ v.a).
Because both ¢, and ¢, changing the sign does not affect
the results, we only need to consider the region with
¢, 2 0. Our strategy is as follows. First, by solving Eq.
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Fig. 4. (color online) The upper limits of B(B; — ¢~ v,a) in scenario 1.
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Fig. 5. (color online) The experimental allowed region (inside the ellipse) of the coupling constants. The green and blue areas corres-

pond to Q =c and Q = b, respectively.
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(13), we obtain the boundary values of ¢, for a fixed ¢,

—C,Fgg+ \/(C,Tg,)? —4T4(C2T, - 6T)

CQ(max) = ZFQ
—C,Fgg— \/(C,Tg,)? —4To(C2T, - 6T)
CQ(min) = zf,Q > ( 1 4)

where we have defined Cy) =cg/f.. The condition

4T .
Cr< ﬁ should be satisfied to make sure the quant-

ity under the square root nonnegative. Second, we scan
C, and C. together for a fixed C, whose allowed region
is determined by the small ellipse in Fig. 5.

Finally, we calculate the upper limits of B(B, —
¢ v,a) as functions of C, with a specific m,. The results
are shown in Fig. 6(a) and (c). Here we only present the
result for the positive C,, and that of the negative C, is
symmetrical with it about the vertical axis. It can be seen
that as m, increases, the experimental allowed region of
C, shrinks, and the upper limit of B(B; — {~¥,a) roughly

1g
E — m,=0.0 GeV.
E m,;=0.4 GeV
1x107"E —~ m,=0.8 GeV
- ; ma=12 GeV
N . ~ mu=1.6 GeV
T 1x1072f
S IR
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1 3
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) i
Q [ —
1x1073 —/_\

1><10—4 ......... | T Lovvsinnng | AT Losiainin

gl fu [GeV]™!
(c) upper limit with £ =7
Fig. 6.

increases with m,. This can be understood from Fig. (5),
where as m, changes from 0 GeV to 1.6 GeV, the al-
lowed range of c./f, becomes quite large, which leads to
a larger upper limit. The interesting thing is that for some
range of ¢,, there is also a nonvanishing lower limit of
the branching fraction (see Fig. 6(b) and (d)). From Fig. 5
we can see the two ellipses are tilted, so at some ¢, ¢
and c. cannot be zero at the same time, which leads to the
nonvanishing B(B, — £ V,a).

C. Scenario 3

In this scenario, we assume that the ALP couples with
all the charged fermions with the same coupling constant
¢, = cg = ¢; = ¢, the upper limits of which as functions of
m, are shown in Fig. 7(a). We can see the B~ — uv,a
channel gives the most stringent restriction. We also no-
tice that the curves have undulation around 1 GeV. To see
why this happened, we take the B~ — uv,a channel as an
example, and plot the contributions of three Feynman dia-
grams in Fig. 2 and the corresponding interference terms.
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(color online) The upper and lower limits of B(B. — ¢¥.a) in scenario 2.
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It can be seen that the effect of the lepton can be neg-

lected because of its small mass, while the coupling
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Fig. 7.  (color online) (a) shows the upper limits of the coupling constants in scenario 3. (b) shows the contributions to
BB~ — e v.a)f? /ci2 by each Feynman diagram and the interference terms.
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Fig. 8. (color online) (a) shows the upper limit of B(B; — ¢~ ¥,a) in scenario 3. (b), (c), and (d) shows the upper limits of the differen-

tial branching fraction with ¢ = e, u, and 7, respectively.
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negative value when m, <2 GeV. This causes the total
result to be undulant around m, =1 GeV, which is also
transferred to the coupling constant.

Using the upper limit of the coupling constant given
by the B~ — uv,a channel, we obtain the constraints of
the branching fraction of B, — ¢ ¥,a, which are shown
in Fig. 8(a). We can see, for B(B. - e v.a) and
B(B; — pv,a), the upper limit is about 10™° when m, is
less than 1 GeV, and then it keeps increasing until being
larger than one. The reason for this is that the phase space
of the B decay is small compared with that of the B, de-
cay when ¢ = e or u. For 8(B, — 77v.a), the upper limit is
around 107 when m, <1 GeV, and then there is a fluctu-
ation with the peak value of 5.4x10™ at m, =3.4 GeV,
and finally the branching fraction goes to zero because of
the vanishing phase space. It is worth to compare these
results with the branching fractions of B, — {7V, in SM.
Using Eq. (1) and (10) we get B(B, — ¢v,) =2.2x107,
9.5x 107, and 2.2x 1072 for £ =e, u, and 7, respectively.
One can see that B(B, — ¢7v,) is much smaller than the
upper limit of B(B, — e v.a) for the chiral suppression;
on the contrary, 8(B, — 77 ¥,) is much larger than the up-
per limit of B(B, — 77v,a).

In Fig. 8(b), (¢), and (d), we present the upper limits
of the differential branching fractions as functions of the
lepton energy. For ¢ being e or u, the results are similar

because of the small Iepton mass, while for £ = 7, the dis-
tribution shape is quite different. We can see that as m,
gets larger, the peak moves left. Experimentally, the de-
tection of the unmonoenergetic charged lepton in the de-
cay h~ —» ¢ E may indicate the existence of ALP.
Around the peak, it has the largest experimental allowed
probability to find the charged lepton.

IV. SUMMARY

To conclude, we have studied the ALP production
through the processes h= — ¢~v,a. The instantaneous BS
wave functions of the heavy mesons are applied to com-
pute the branching fractions of such decay channels. We
adopt three scenarios, that is the ALP coupling only to
one charged fermion, the ALP coupling only to quarks,
and the ALP coupling to all the charged fermions with
the same coupling constant. In each scenario, by compar-
ing the theoretical and experimental results, we get the
upper  limits of the coupling constants, which are then
usedto calculate the upper limits of the branching frac-
tions of the B, — £~v,a channel. For the second scenario,
we also get the nonzero lower limit of the branching frac-
tion at some range of ¢,. We hope this work could be
helpful for the future detection of the ALP through heavy
meson decays.
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