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We propose new perspective in searching for axionlike particles (ALPs) from quark and lepton flavor

physics: measurements of the time-dependent CP asymmetry in B® — K$z% and the branching ratio of

B, — e*uT decay possess, along with the anomalous magnetic moment of muon. In the mass range of
sub-GeV, accessible by the flavorful ALPs search, the experimental sensitivity for these flavor
observables reaches the maximum at around the pion mass scale (called the sweetest spots), where a
couple of loopholes (unexplored regions) for the ALP parameter space have heretofore been present,
because of an unavoidable contamination with pion background events. The proposed complementary
probes can precisely determine the ALP coupling to photon at these sweetest spots/loopholes, and will
significantly help cover whole parameter spaces in the ALP search including the present loopholes in

the future.
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I. INTRODUCTION

The axion is one of the mostly anticipated hypothetical
particles predicted beyond the standard model (SM) of
particle physics. The axion search has extensively been
worked out with its theoretical and phenomenological
interests for a long time. One of the strongest motivations
to introduce axion is a solution for the strong CP problem
[1-4] (the axion is called QCD axion).

Apart from the QCD axion, axion-like pseudoscalars
can also be predicted from a fundamental theory, which
would be for instance the string theory or some unified
theory. They are called axionlike particles (ALPs), having
phenomenological properties similar to the QCD axion,
such as the predominant coupling to diphoton and
being long-lived. Though ALPs may or may not solve
the strong CP problem, they can leave phenomenological
footprints in high energy experiments and also astrophysi-
cal observations.

The bulk of the ALP search has recently be extended
involving flavor physics. Light ALPs with the mass of sub-
GeV scale can have a significant impact on flavor
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observables, such as rare decays of heavy hadrons and
leptons involving violation of the lepton flavor universality
[5-10]. It is anticipated to find out ALP parameter spaces in
which the ALP can be dictated in both quark and lepton
flavor physics.

Of particular interest is that the flavorful ALP with such a
mass can also account for the presently reported anomaly
on the anomalous magnetic moment of muon, (g—2),
[11]. However, it has been shown very recently [12] that
when the ALP is responsible for the (g — 2),, simply by the
presence of its flavor-off diagonal couplings, the favored
parameter space is excluded for the ALP mass below the
sub-GeV scale by the muonium-antimuonium oscillation
experiment. Thus the way out for the ALP to survive in the
anomaly of the (g — 2), might be to invoke the presence of
a large ALP coupling to diphoton [11].

However, the case is not so optimistic: direct productions
of the ALP through the Primakoff process by the diphoton
coupling have severely been constrained by the beam dump
experiments [13]. Thus in a wide range of the mass below
~GeV, the stringent bounds on the ALP couplings have
been placed including the diphoton coupling, and hence
seems to have almost excluded the possibility for the ALP
to be seen in the (g —2), over the SM contributions.

One notices, however, that there are remarkable
“loopholes” when the mass of ALPs sits around the pion
mass (~135-140 MeV). In this case, signals from ALPs
decaying to diphoton can be hidden behind the huge
background from neutral pions decaying to diphoton at
beam dump experiments [14].
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The limit on such 140 MeV ALPs can be placed by
monophoton and triphoton searches accessible at LEP,
Tevatron and LHC, through Z(y*) - a+y (a = ALP)
[15-19]. However, this channel also contaminates with
the neutral pion events such as Z — z° + y, which is a rare
decay channel and has not observed or yet uncovered even
for the SM prediction. A conservative bound has been
addressed by simply applying the upper limit on the SM
branching ratio of Z — 7%+ to the 140 MeV ALP
[18,19], which will however be insufficient because of
the pion contamination. Thus, this kind of direct ALP
productions in collider experiments will not supply “clean/
disentangled” signals for the 140 MeV ALP.

Observations of supernova [20] are free from the pion
contamination, and provide bounds on the ALP-photon
coupling (see, e.g., [21,22]). Very recently, it has also been
pointed out [23] that the effective degrees of freedom for
relativistic particles today and possible effects on the big
bang nucleosynthesis can give a significant limit for ALPs,
and the coupling to photon at around 140 MeV is severely
bounded from below. However, still, the loopholes will
keep open (see Fig. 1).

One should realize, on the other side of the same coin,
that the existence of the loopholes may provide us with
“sweet spots” in the ALP search: As seen in Fig. 1 such an
ALP is to be short-lived enough to decay to diphoton inside
detectors, as is the case of the neutral pion. In this sense,
B%* — K%* + g search cannot constrain the ALP. Thanks
to this fact, the ALP-fermion coupling can be enlarged to
enhance other observables. Among meson decays, in
particular, B®* — K%* 4 g is the severest [8], hence the
ALP contributions to presently unexplored b — s transition
amplitudes are maximized at around 140 MeV for the
overall mass range <GeV. Note also that when the mass
goes off the target scale (i.e., above B meson mass scale),
the sensitivity to the (g —2), gets lower and lower, due to
the decoupling effect [11]. Therefore, the “sweet spot” can
be indeed sweetest for a generic ALP to have the highest
discovery sensitivity, and would give us the biggest chance
to hunt the ALP responsible for the (g —2),, as well. Also,
it would be expected to provide us with a nontrivial
correlation between quark and lepton flavor physics in
the presence of the ALP.

In this paper, we propose the combined measure-
ments of the time-dependent CP asymmetry in B’ —
K3y and By — e*uT decay, along with the (g—2),,
as the new experimental probes having the highest
sensitivity for the flavorful ALPs at around 140 MeV.
Remarkably enough, the deviation of the time-dependent
CP asymmetry from the SM prediction can be seen,
whichever the (g —2), is consistent with the SM, or not.
The proposed complementary measurements can precisely
determine the 140 MeV ALP coupling to photon, will fully
cover the present loopholes as well, and hence, make a
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FIG. 1. The sweetest spots in the ALP parameter space, having

the highest sensitivity to prove the flavorful ALP below ~GeV,
which are presently loopholes (blank domains). Current bounds
are set on C%!' normalized to the ALP decay constant f, defined in
Eq. (2), for the ALP mass m, ~ 140 MeV. The cyan shaded area
is excluded by a conservative upper limit on Z — z° 4 y, which
has currently been most stringently placed by the LEP searches
[15,17-19], without taking the #° contamination with the
140 MeV ALP into account. The orange and blue shaded domains
are ruled out by SN1987A [24] and the observation of the
effective degrees of freedom for relativistic particles today, AN
[23], respectively. Here, the bound from AN, has been set at
95% C.L.. The limits from SN1987 and AN, assume the ALP
dominantly coupled to diphoton. Bounds from the beam dump
experiments are currently inapplicable in the displayed mass
range due to the serious contamination with the neutral pion
backgrounds.

significant help to explore all the parameter space of
the ALP.

II. ALP COUPLINGS

We begin by introducing a generic ALP model. The ALP
(a) couplings to quarks and leptons, involving the decay
constant f, arise generically as vector or axialvector current
forms, because of the inherit Nambu-Goldstone boson
nature. They can be written without loss of generality as

0,a _ _
Eaff = 2u_f [(Q@zjdﬂ’”dj + <gg)ijdi7ﬂ75dj]

0,a - _
s [(gbl’;)ijfiyﬂl’ﬂj_‘_(gi)ijl’ﬁiJ/”ySfj]? (1)

2

where d; and ¢; are down type quark and charged lepton
fields, with i being the generation index (i =1, 2, 3),
the couplings gC 4 are Hermitian matrices, and we have
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disregarded couplings to up type quark and neutrinos,
which are irrelevant to our current proposal. The ALP a
generically couples also to the photon like

aa -
ayy — Cf'}fffE?Fquﬂy’ (2)

L
with a being the fine structure constant of the electromag-
netic coupling, and the inclusive effective coupling denoted
as C2I including both direct and indirect a-y-y vertices, the
latter of which can be induced from charged fermion loops.

We focus on the following ALP couplings, (g% 4).3,

(949)33 (95 4)12 (94)22, and CSF, which are relevant to the
existing constraints from flavor observables at the ALP
mass around 140 MeV, such as B, — B, mixing (Cp,
defined in Eq. (A4), the CP asymmetry in B® — K%z%
[Scp defined in Eq. (3)], B, — eTuT, T decays to ya
and u*u~, leptonic B; meson decays to u*pu~ and e*uT,
(9-2), (Aa, = a;® —a™), and p — ey.

III. TIME-DEPENDENT CP ASYMMETRY
IN B’ - Kz

Among them, as it turns out later, the CP asymmetry
in B® > K%7%(Scp) is the most important observable,
because it can be deviated from the SM prediction almost
irrespective to others. Thereby, in this section we discuss
the physics on S¢cp by particularly paying our attention to
the ALP contribution forms arising from the Lagrangian
[Egs. (1) and (2)] at loop level. For the other observables,
the details are shown in Appendix.

The time-dependent CP asymmetry in B° — K$z%
decay Scp is evaluated as [25,26]

Im|[e=2Pexn (C5CY + C7C)))
G + 1G5

; (3)

SCP =

where the Wilson coefficients Cg)NP for the magnetic

operators, OY) = (e/16a%)my, (56 Prr)b)F

v
Pg/; denote the chiral projection operators. In Eq. (3)

cl) = §’)SM + Cg)NP, and 2fcxm ~43° is a CP phase
in B® —» K%x°y.

In the present analysis, we use the SM Wilson coef-
ficients taken from Ref. [27]: C5M = —0.304 and C5M =
—0.006 at u = 4.8 GeV. The new physics (NP) terms
arising from the ALP loops are evaluated, from Egs. (1)

and (2), as

where

Cg’)NP _ Cg’)NP,arch n Cg’)NP,BZ. 4)

Here Cg NP axch correspond to contributions from the ALP

exchange (arch) graphs at the one-loop level,

V2 11
CNP.arch _ [ k2 k3I++ k2 k31+—
7 4GF V;Fsvfb 6 [gY gs k1 + gp gp k1
+ilg 9Ll = 9795 ) (5)

V2 11
C/NParch _ ZIRBIH L RS
7 4—GF ViV, 6 (95795 1 T 90 95k

— (g9l = dPg5 )] (6)

where V,;, and V,, are the Cabbibo-Kobaashi-Maskawa
(CKM) matrix elements and G is the Fermi constant, and

d
i l (9V>i
g\jE_E(md,-_ d]) f o
ij 1 (gi)lj

(7)

The loop integrals ;i can be found in the Appendix of
Ref. [28], and k denotes the quark flavor flowing in the
loop, where k = 1, 2 and 3 correspond to the contribution
of down, strange and bottom quarks, respectively. Since

g;]( ) is proportional to the difference between (sum of) the

masses of i and jth generations of down type quark, the
dominant contribution comes from the bottom quark loop,

i.e., k=3. Noting also ¢ =0, we thus find that the

dominant part of Cg/)NP’arCh depends on three couplings:

(99)32 (= (99)53), (94)32 (= (9)53) and ()33 (= (94)33)-
It is then clear to see that CY"""" = 0 when (g4)s; = 0.

The coupling CS in Eq. (2) also contributes to b — sy
processes, through the Barr-Zee (BZ) type loops [29].
This contribution, denoted as Cs INPBZ i Eq. (4), can be
evaluated in a way analogous to the BZ type correction to
the 4 — ey amplitude in Refs. [7,30]. This is given as
follows:

V2 1 1 «a

NPBZ __
G T 4G VLV, 84”f2 C%,fgy(xb)[(gf,)” + (g4)3),
(8)

C/NPBZ _ V2 1 «a eff
7 AGp ViV, 64xf> 777

() [=(99)52 + (9232
©)

where x;, = mZ/m}, and g, (x) is the loop function which is
found in the Appendix of [30].

IV. ALP COUPLING CORRELATIONS
IN FLAVOR OBSERVABLES

As to other flavor observables that we are presently
interested in, the explicit formulas and the existing limits
are presented in Appendix. To summarize, all the relevant

095022-3



ISHIDA, MATSUZAKI, and SHIGEKAMI

PHYS. REV. D 103, 095022 (2021)

flavor observables are given as functions of the ALP
couplings (up to the decay constant factor 1/f):

(

BR(YT — ya):(

BR(B; — pu™):(
BR(B, — e*uT):[(g4)s

(

(

(

(9-2),:
BR(u — ey):

Scp: g(xj/ 23’(9@237(9@33’6‘;?- (10)

We first note that (g4);; can be determined solely by
BR(Y — ya). We also notice that once (g4),; is fixed, we
can then determine (g¢)),5 as a function of C_and ¢ . The
other useful features that we note are BR(B, — e*uT) «
(94)23/*c2, and BR(u — ey) o c;,. Therefore, [(g4)s;]
and c,, can be written as functions of (¢4),, CSI and
branching ratios of B, — e*uT and/or u — ey.

V. COVERING THE 140 MEV LOOPHOLES

Although the ALP dominantly decays into yy, the
diphoton signal cannot be distinguished from the neutral
pion signal, so that there are loopholes at around the pion
mass of 140 MeV [14] (and also see Fig. 1). However, such
loopholes can be resolved and covered by measurements on
the time-dependent CP asymmetry in B — Kgn'oy Scp),
and By — e*uT, together with the (g—2), (Aa,), that is
our main proposal, and will be demonstrated below shortly.

As one reference point, we may fix the flavor observable
values as follows:

Cp, = 111,
BR(B, = 47 )exp _ 0.822
BR(B, — p u" gy ’
Aa, =2.61x107,
BR(u — ey) = 6 x 10714,
BR(Y - ya)
BR(T — puu)

~1.81 x 1074, (11)

where the measured values have been set to those central
values, and upper limits have been taken from the future
prospects as benchmark values, which are given in
Appendix. Note that according to Ref. [12], the upper
bound on ¢,, from the muonium-antimuonium oscillation
can be read as

m
<045(—ma ). 12
Con ~ (140 MeV) (12)

This c,, is mostly sensitive to BR(B, — e*u¥), because
it is solely scaled by |c,,|* (see Eq. (10)). In order to be
consistent with this bound and Eq. (11), we therefore set

BR(B, — e*uT) = 10712, (13)

This is actually taken to be the upper bound for the present
analysis: We have checked that when BR(B; — e*u¥)>
1012, there exists no solution which satisfies Eq. (12). Thus,
we can evaluate the time-dependent CP asymmetry param-
eter Scp as a function of C%f,f We see the following features:

(i) As seen from Eq. (3) the structure of new physics
term in Scp is shared by two contributions propor-
tional to the CP phase in the SM, or new physics
phase, which currently come from the presence of
the imaginary part of ALP coupling (g4),5. Actually,
a sizable deviation from the SM prediction
(C'NP = (0(0.001)) can be generated even when
CNP has no imaginary part (i.e., solely with the
KM phase in the SM). The deviation of our
prediction has been enhanced by nonzero imaginary
part of CNP coming from Im[(g%),s].

(i) Scp can be large enough when [CSIf| >
O(100)/TeV. The stringent constraint from the
muonium-antimuonium oscillation in Eq. (12) [or
Eq. (13)] gives the significant impact on Scp as a

function of CIY/f. In fact, when the current size of
deviation on Aa, [the benchmark value in Eq. (11)]
is fixed, we find that they are almost stuck to

Scp ~—0.0230, or —0.0316
at |CM/ £ ~209/TeV, (14)

which are compared with the SM prediction,
S ~ —0.0269 [31].
(iii) We also found that when Aa, deviates from the
benchmark value in Eq. (11), the predicted value of
CM is changed to get larger monotonically with
increasing Aa, and vice verse. In this sense, it is
possible to explore the loopholes in Fig. 1 in light of
the fate of Aa,, in the future. Particularly, persistence
of nonzero Aa, will make S¢p cover the blank range
determined by the upper part of the SN1987A
constraint and the lower part of the LEP limit.
Another interesting reference points to the case where
Aa, = 0 in our future. The result for S¢p is shown in Fig. 2.
In this case, BR(B, — e*u¥) can be larger than 102
without conflicting with Eq. (12), and hence, we set

BR(B; — e*uT) =8 x 10710, (15)

as a benchmark value, which corresponds to the prospected
upper bound reported from the LHCb [32]. The other input
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FIG. 2. Scp versus Cf/f for Aa, =0, with other flavor

observables fixed as shown in the main text, satisfying the
current experimental limits including the one solely for the
C" in Eq. (A20). The red and blue lines have been created
for the same size of couplings, but the different overall sign of
(9%),3. Horizontal black dashed line shows the SM prediction
(SM ~—0.0269 [31]). The gray shaded regions show the
deviation from the SM prediction by taking it to be < 10%.
The domain surrounded by the brown vertical lines are excluded
[see Eq. (A20)].

values are set to the same ones as in Eq. (11), except for
Aa,,. Then the following features are detected and deduced:

(i) The deviation becomes larger than the case with the
current central value of Aa,. This is because
(9% 4)23] is allowed to be larger in this case: First
of all, a small |CSI| is favored to realize the
benchmark values in Eq. (11) with Aa, = 0. Hence
(94)22 1s also desired to be smaller for Aa, = 0. This
implies that dominant contributions to the Sc-p from
the ALP exchange loops (along with |(g¢, ,),3/) and
the BZ type loops (with CI coupling) are inter-
changed. A large (¢4),; is required to achieve the
benchmark value of B, — p~u* in Eq. (11). For
such a large (¢4),3, the values of Cp and ¢ are
realized by a cancellation between (g¢),; and
(g4),3, which results in a large (¢¢),5 as well. Thus
both |(g¥ ,),3] with Aa, =0 become larger by
about two orders of magnitude than those with
Aa, =2.61 x 107°. Therefore a larger Scp can
potentially be predicted with a smaller CSIf
which, with opposite sign, destructively contributes
against the dominant ALP exchange loops along
with [(gy 4)as|-

(i) For such a small CIf ¢,, has to also be small to
destructively interfere and realize Aa, = 0. Indeed
we have ¢,, = O(1072), which satisfies the muo-
nium-antimuonium oscillation bound in Eq. (12).

Varying the reference value for BR(B; — euT), we

may also evaluate the correlation with S-p. See Fig. 3 for

Aay =2.61x10", BR(u-ey) = 6.0x107", (g4)s3/f = 0.69/TeV

0.2F
= —
0.1h
S
g 00
-0.1t
_____ PE—————
-0.2¢, . . . =
1.x107° 5.x107°1.x10™* 5.x10™* 0.001
BR(Bs—e*¥) [107°]
FIG. 3. The 140 MeV ALP predictions to deviations in Scp

(6Scp = SV /M — 1) and B, — e*u from the SM prediction,
for the estimated Aa, = 2.61 X 10~ (red shaded domains). The
solid (dashed) red lines correspond to CSf > 0(< 0). The red
shaded bands have been created by choosing Cf,if in an allowed
region, in Eq. (A20).

Aa, =2.61 x 10~? and Fig. 4 for Aa, = 0. In these figures
we have kept using the benchmark values except for
BR(B,; — e*uT). The red shaded bands have been created
by choosing CS!f in an allowed region, in Eq. (A20). For
Aa, # 0 case, 6Scp is constrained in two narrow bands
around 0Scp ~0.17 and 6Scp ~—0.15, and these are
almost independent of the value of BR(B; — e*u¥).
This can be understood as follows: Because of the tiny
value of BR(B, — e*u¥), (¢%),5 is smaller than (g¢),5. In
this case, both ngp depend highly on the size of (gf),5.
Its size is almost determined by Cp , hence is independent
of BR(B; — e*uT) value. For Aa, = 0 case, on the other

hand, Scp has a strong sensitivity on BR(B, — e*u¥),

Aay, =0, BR(u—ey) = 6.0x107", (g9)33/f = 0.69/TeV

BR(Bs—~e* 1) [107°]

FIG. 4. The same as Fig. 3 for Aa, = 0. The brown shaded
region on the right side is excluded at 90% C.L. [33], and the
brown dashed line shows the future prospect for the B, — e*uT
at LHCb [32].
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because (g4),5 gives contributions to S¢p on the same order
as (g¥),; does, as explained above.

We can change the benchmark value of BR(u — ey).
The expected results can be easily deduced by following
the discussion above:

(i) Note the scaling of |(g4)y| x 1/v/BR(u — ey).

For Aa, #0 including the reference point
Aa, =2.61 x 107, the size of 6S¢p is fairly inde-
pendent of BR(u — ey), because of the weak
sensitivity of |(¢g4),3] to 8S¢p. Hence 8S¢p can be
larger than O(10)%, no matter how much smaller
BR(u — ey) is going to be.

(ii) For Aa, = 0, 5S¢p depends strongly on |(g4),3/, and
hence, 6Scp and BR(u — ey) will negatively be
correlated, and 6Scp gets monotonically larger as
BR(u — ey) gets smaller and smaller.

So, at any rate, 0Scp is predicted to be large enough. Note
that even the largest values displayed in Fig. 4, 6S¢p ~ %4,
which correspond to Scp ~0.08 and Sqp ~—0.13, are
consistent with the current experimental limits [34,35]
within 26.

One may also notice that the results in Figs. 2 and 4
depend on the size of (g4);;, namely, which has been
obtained by taking the upper limit on T — ya. It turns out,
however, that even when we choose (g4)4; = 0, the size of
6Scp can be larger than O(10)%. As to the case for
Aa, =0, we have checked that the results in Fig. 3 are

almost independent of (g4);5.
Thus, no matter what future we may or may not have
with the NP term in (g —2),, or in BR(y — ey) and/or

BR(Y — ay), 8S¢p can be larger than O(10)%, which
would be testable in future experiments. Though other new
physics candidates might also give a similar contribution to
the Scp, the complementary flavor observations would
distinguish the 140 MeV ALP from others. Moreover, if
both S¢p and BR(B, — e*uT) are observed, the size of the
ALP coupling to photon can be determined from Eq. (14)
and Fig. 3 for Aa, # 0 and Figs. 2 and 4 for Aa, = 0.
Regarding experimental prospects, even at the Belle 11
with 50 ab~! data [26], it will still be hard to observe the
signal of Scp since the future uncertainty will just go
down from the current one 0.3 to 0.03, with assuming the
current central value —0.29. This is the value quoted from
Ref. [26], which the current analysis follows. The HFLAV
experiments report the central value —0.15 £ 0.20 [34], and
Particle Data Group adapts —0.78 £ 0.59 + 0.09 [35]. All
of them are consistent each other within the one sigma
uncertainty. The large uncertainty on the SM prediction
essentially comes from the uncontrollable long-distance
QCD contributions. We, however, hope the future experi-
ments to have a potential to give us some hints in searching
for 140 MeV ALPs. Actually, an interesting possibility to
decrease the uncertainty from long-distance contributions
has recently been proposed, by combining the observations

of the time-dependent CP asymmetry for exclusive B
meson decays into vector or axial-vector meson and photon
[36]. This method will be utilized to measure the Sqp at
Belle II,' and may help decrease the major theoretical
uncertainty in the SM prediction and improve the future
experimental sensitivity. If future experiments could shrink
its uncertainty with a central value significantly deviated
from the SM prediction, flavorful 140 MeV ALPs might
favor to have the (g —2), consistent with the SM one.

VI. CONCLUSION AND DISCUSSIONS

In conclusion, the discovery potential of the time-
dependent CP asymmetry in B — K97y decay has the
highest sensitivity to probe flavorful ALPs at around
140 MeV. The predicted deviation from the SM can be
larger than O(10)%, and turns out to be fairly irrespective
to the presence of new physics in the anomalous magnetic
moment of muon, or Y decays, or 4 — ey, which will in the
future fully cover the current sweetest spots/loopholes.
Complementary measurements for the CP asymmetry in
B® - K%z% and B; — e¢*uT, in conjunction with the
anomalous magnetic moment of muon, can precisely
determine the ALP coupling to photon at around
140 MeV, and will give a significant help to fully cover
the ALP parameter space including the regions which
cannot be explored by existing and prospected direct search
experiments.

Several comments and discussions are in order:

(1) As to the future prospect regarding the direct ALP
production bound in the beam dump experiments, it
has recently been reported [37,38] that the ALP
detection sensitivity can be increased by an im-
proved analysis on the Primakoff scattering with
nucleus, but the signal over backgrounds at around
140 MeV gets weak enough and still suffers from the
contamination with neutral pions, in contrast to an
optimistic prospect in [13]. This contamination
problem also involves the photoproduction of ALPs
in the PrimEX and GlueEX experiments [39].

(i1)) We have included the collider experimental limit
on the ALP, from LEP in Fig. 1, but actually it
still suffers from the contamination with the neutral
pion background, in a sense similar to the beam
dump experiments. In Ref. [19], Higgs-mediated
processes such as h — Z + a and h — aa as well as
Z — a + y have been discussed and are shown to
have high sensitivity to probe the ALP signal for a
wide range of the ALP parameter space including
the 140 MeV ALP. However, those should still suffer
from the contamination with the neutral pion back-
ground at the ALP mass around 135-140 MeV,
which is not argued in the literature. (Actually, the

'"We are grateful to Akimasa Ishikawa for this information.
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(iii)

(iv)

authors have clearly mentioned “We are not in a
position to provide detailed estimates of detector and
reconstruction efficiencies, or to perform solid back-
ground estimates.” in the paper (the fifth line from
bottom, page 32, for the published version). There-
fore, the prospected plots in Figs. 17 and 23 in the
literature cannot reliably be applied to the loophole/
the sweetest spots for the flavorful 140 MeV ALP,
hence will not fully cover the ALP parameter space,
just like the case of beam dump experiments—any
of direct 140 MeV ALP productions at collider
experiments cannot be free from the pion contami-
nation. Our proposal in a view of flavor physics is
totally free from the pion background, and leads to
the highest sensitivity as the “sweetest spot” in the
ALP full parameter space. This is how in Fig. 1 the
existing LEP (and also Tevatron, LHC) limits on
the ALP around 140 MeV have been placed by
simply applying the upper limit on the SM predic-
tion Z — z° + y event, without taking into account
the pion contamination, not by isolated ALP signals.
In Ref. [40] it has been addressed that the enhanced
monophoton plus a large missing energy signature
can cover one of loopholes around 140 MeV above
the supernova constraint in Fig. 1. However, the
other loophole below the supernova lower limit
cannot be probed because their ALP cannot be
longer-lived by such a scenario construction, while
our present proposal can do it. Moreover, such a
sterile-ALP coupling scenario is somewhat special-
ized, and beyond our scope keeping generality.

Comparison with the long-lived particle (LLP)
detection experiments (e.g., FASER and SHiP) is
shown in Fig. 5. In the figure, we display the
prospected sensitivity of the LLP search projected
onto the ALP parameter space, by quoting the
references ([41] for FASER and [42] for SHiP).
Those LLP experiments get less sensitive when the
a —y —y coupling is so large that the lifetime (decay
length in the experiments) becomes too short to
reach the detectors. Actually, as seen from the figure,
the ALP cannot be probed when the a—y—y
coupling is of O(100/TeV). On the other side,
the LLP experiments will also fail to detect the
ALP when the lifetime gets long enough that the
ALP does not decay inside the detector. The corre-
sponding boundary will coincide with the upper
limit placed by the supernova constraint. Thus, the
domain surrounded by the lower limit from the
supernova and the upper limit from the ANy
will still remain as an unexplored region, which
corresponds to the a—y—y coupling of
O(107*/TeV — 1073 /TeV). Other prospected LLP
experiments (e.g., Belle II) have the similar detect-
ability limit (bounded from both above and below).

' LEP,Z-)VrroyIimit '
103 L
102 L
10 FASER
SR
> L
2 SHiP
£ S  2
S
102k SN1987A
1073
1074 L
ANegt
132 134 136 138 140 142 144
m, [MeV]
FIG. 5. Prospected LLP experiment projections onto the ALP

parameter space in Fig. 1. The characteristic accessibility is the
blank domain, below the supernova lower limit and above the
FASER prospected upper limit, hence the presently proposed
ALP probe will fully cover the 140 MeV ALP parameter space.

Furthermore, to place the bound, those LLP experi-
ments need to assume the ALP coupling to diphoton
to be dominant compared to couplings to SM
fermions, where the latter would actually be im-
portant to discuss ALP significance on flavor phys-
ics, as addressed in the manuscript. (In particular, the
Belle II's paper [43] clearly states that they do not
have sensitivity enough to resolute the ALP signal at
around the neutral pion mass.)

Our proposal given in the present paper actually covers
all the parameter space, by monitoring the ALP contribu-
tion to the muon g — 2, including the two domains that the
LLP experiments cannot explore: the top blank region in
the above Fig. 5 is precisely the benchmark regime in
which the anomaly on the muon g — 2 can be explained by
the 140 MeV ALP [see Eq. (14)] while going down to the
bottom blank region, one cannot see the significance of
ALP in the muon g — 2 (Fig. 2). Both two cases predict a
sizable contribution to the time-dependent CP asymmetry
in B - K%2% and B; — e¢*uT decay.

Thus, our proposal should have the novelty, when
compared to the existing and also prospected experiments
even including the LLP detection experiments.

With this exclusion or discovery potential at hand,
possible implications to the underlying theory for such
flavorful axionlike particles (e.g., responsible for the origin
of its mass and couplings) would be worth exploring, as
well as the impact on thermal history of universe. The
region of the favored parameter space as in the figures
implies f ~ TeV x (C$f /100). Supposing Cf < O(1),
one gets f < 10 GeV, which could thus be much smaller
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than the typical QCD axion decay constant (~10°~10 GeV)
or flavonlike axion’s [44,45]. When one naively embeds the
present ALP model into a linear sigma model description
such as flavon models, this small f would result in further
constraints from four fermion operators among the SM
quarks and leptons, induced by the exchange of the radial
sigma mode. Or, it would turn to a constraint for the presence
of some new (hidden) QCD-like dynamics responsible for
the 140 MeV ALP, having the intrinsic scale at almost the
same scale as QCD, f ~ 100 MeV, which implies somewhat
smaller C&' ~ 1072 More conservatively, when the coupling
is at most at a perturbative limit, i.e., CSI < O(4x), we
would have f ~ 100 GeV. At any rate, NP particles with
mass on the order of the f constant scale would need to be
well secluded from the SM particles, to avoid the existing
collider experiment limit. This is highly model-dependent,
which is beyond the current scope. More on this issue is
worth pursing elsewhere.
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APPENDIX: ALP FLAVOR OBSERVABLES

In this Appendix, the flavor observables and constraints
relevant to the present ALP study (other than Sp) are
listed. The relevant couplings for the analysis are

0,a _ _
['aff = 2”—f [(gg/)ijdiyﬂdj + <9z)ijdi7”75dj]
Qa5 u N 2o
+—f[(9v)i/i}’ £+ (gh)i€ir'rstl, (A1)
€] aa Touv
an = C}'Jf’fE?FquM . (AZ)

1. Neutral B meson mixing

The ALP contribution to the B, — B, mixing including
the mass range around 140 MeV has recently been studied
[8,10]. According to Ref. [10], the ALP contribution to

Ampg is estimated by using the latest lattice results [46].
We refer readers to the literature for details. The resultant
form goes like

Amp, 2 (823

—0.020(2) GeV? <<g§%> ’ '

s

(A3)

The measured value is Amp = 1.1688(14) x 1078 MeV
[47], with which the SM prediction is consistent [46]. To
find the possible size of new physics (NP) contributions, we
use results from the UTFit collaboration [48,49]. Then it is
convenient to define the following form for the B, mixing
parameters:

(BY| L |BL)

CB.eZi(/)BS = —
“ (BYIC3Y(B,)

(A4)

Note that Amp = 2|(BY|Le|B")|, and then, the SM
prediction points to Cp = 1 and ¢ = 0. By the global
fit to CKM observables, we find the best fit values Cp =
1.110 £ 0.090 and ¢ = (0.60 + 0.88)°. In the main text,
these observables have been used to determine the effective
coupling combination (g¢),5/f in Eq. (Al).

2. Radiative bottomonium decay

The process Y — yE; was searched by the BABAR
Collaboration, and the current upper limit on the branching
ratio is 4.5 x 107 at 90% C.L. for the case where the
invisible state is a light scalar with mass m, < 8 GeV [50].
This process can be used to constrain the coupling combi-
nation (g4)4;/f arising from Eq. (Al). As in Ref. [51],
the branching ratio normalized to BR(Y — uu) can be
estimated as

BR(Y — ya) _ m_127 (gf&)33 g <A5)
BR(Y - up) 2za\ f ’

When we use the experimental value of BR(Y — pu) =
2.48 x 1072 [47] assuming negligible ALP corrections, the
upper bound on the (g4)s3/f can be read as

0.69

d
'% < TV (A6)

f

3. Leptonic B meson decays

The B, — ¢;¢ ; decay width can be estimated by the
couplings in the Lagrangian Eq. (Al) as
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o omy [ QL D] | (g4
o (g\{;)ij ri—r)21 = (r; +r;)?
{‘ | =Pl = G )
AL
+‘(g/})” (ri+”j)2[1_(ri_rj)2]}’

(A7)

where mp and fp are the mass and decay constant of B,
meson, r; =my /mg with m, being a mass of ith
generation of charged lepton, and r, =m,/mg . Here,
Ax,y,z) = x> + y* + 722 — 2xy — 2yz — 2zx. Note that this
decay width is symmetric under r; <> r;.
For B, — " decay, we should consider the interfer-
ence between the SM and NP contributions. Therefore, we
use the generic form of branching ratio given in Ref. [52]:
-t
oo =) s (125 e, ()
BR(B; = u™u")su m

BS
where
:m_%:CS—Cg :m_%?SCP_C;’ Cio—CYy
2m, |CR] 2m, Cyf R
(A9)

In the generic ALP model, NP contributions are induced in
Cp, arising as the coefficient of the pseudoscalar current of
m,,(EPR(L)b)(Z”%f). Thus we focus only on the Cp — C)p
term to get

Cp = Cp = gity— 2
2 2
my —myg f

(9?023 (gf;)zz
I

(A10)

where gy = TV »Vis 1 with V,; and V, being the
CKM matrix elements and G the Fermi constant.
The current experimental result and the SM prediction
for B, — u~u™ are [47,53]
BR(By — p~p)

=(3.0+£04)x10°,  (All)

exp

BR(B, — p~put)gy = (3.65+£0.23) x 107°,  (A12)
form which we note the SM to be consistent with the
experimental result within 1.56.

For B, — e*uT, on the other hand, the branching ratio
for SM is negligible due to the absence of lepton flavor
violation. The current experimental bound is [33]

BR(B, — e*u¥),, <54(6.3)x 10 (90%(95%)C.L.).

(A13)

exp

and the future prospect reported from the LHCb collabo-
ration [32] is

< 8x 10710,

BR(B, — ¢4y, (A14)

Since r, > rq, the dominant part of the ALP contribution
to the branching ratio is evaluated as

2 2

w3 D07 ) | (e
BRB F B 1072 A)23 _ep 2
(By = etuT) = 321y, (1= r2)? RN2E
(A15)
where
= fw Il )l (Al6)

Note that BR(B, — e¢*u¥) should include separately both
BR(B; = ¢"u") and BR(B; = ¢"p~), and in the ALP
case, BR(B; » e ut)= BR(B; - etu~) since the

Hermicity gives |(9{,R)12| = ‘(gi,R)21|'

4. Muon anomalous magnetic moment

The discrepancy between the current experimental result
and the SM prediction is [54-61]

Aa, = a;" — aSM = 261(63)(48) x 107", (A17)
where the numbers in the parentheses stand for the
errors coming from a; and a;M, respectively. The current
deviation is about 3.3¢.> Therefore if the anomaly is true,
the new physics contribution should be positive to explain.
However, it is well known that when there are only flavor
diagonal couplings to ALP in the lepton sector, namely
( g{‘ #)ij = 0 (i # j), they can never explain the deviation by
the one-loop contribution. Recently, it has been pointed out
[11] that ALPs can explain the deviation when we take into
account the contribution from nonzero flavor off-diagonal
elements, (g7 z);; # 0.

As in Ref. [11], when we set (¢),/f = —107*/TeV
and ¢,/ f ~10/TeV with m, ~0.12-0.15 GeV, we find a
parameter space to account for the deviation in Aa, without
conflicting with several experimental bounds from lepton
flavor violating processes. Furthermore, there arises also a
contribution from the BZ type loop involving the a-y-y
coupling, C¢!f in Eq. (A2). Therefore, we consider all these

2Recently, a new result from Fermilab has been reported [62],
and the deviation from the SM prediction [63], by combining
with the previous result [56], becomes 4.26.
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contributions and try to find the parameter space which
explains the (g — 2), anomaly. Both two loop functions are

available in Ref. [11,19].

5. Charged lepton flavor violation

The other relevant lepton-flavor violating process poten-
tially induced by the ALPs is u — ey. This process is also
related to (¢4 ), in Eq. (A1), c,, in Eq. (A16), and CIf in
Eq. (A2). The analytic formula for the decay width and the
related loop function can be found in Ref. [11]. The current
experimental upper limit is [47]

BR(u = ey) <42x 1072 (90% C.L.),  (AlR)
and the future prospect reported from MEG collaboration

[64] (in three years of running) is

BR(u — ey) < 6 x 10714, (A19)

6. Limits on the ALP coupling to diphoton

In addition to flavor limits, the a-y-y coupling CSIf for the
ALP mass around 140 MeV is bounded as seen from Fig. 1:

0.0002 _ %f _0.00164 0.157 _ %f 2297
TeV ~| f |~ TeV TeV ~| f |~ TeV'’
(A20)

Note that the upper bounds in the right inequalities are the
conservative limits from LEP searches [15,17-19] (see also
the main text).
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