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Any axionlike particle (ALP) intrinsically possesses flavorful couplings to the standard model (SM)
fermions arising as a consequence of the right-handed flavor rotation within the SM. In this paper we
discuss this intrinsically flavored ALP, and explore the correlation of a minimal set of the couplings in a
view of coherence in flavor physics observables. We focus particularly on the tau-lepton flavor violation
(LFV). The ALP is assumed to be tau-philic on a current-eigenstate basis, a la Pecci-Quinn, and is allowed
to couple also to muon and electron only in a right-handed specific manner. Several LFV processes are
generated including radiative tau decays and also anomalous magnetic moments of electron and muon. We
first pay attention to two separated limits: electron scenario with the ALP coupled to tau which mixes only
with right-handed electron, and muon scenario as the muonic counterpart of the electron scenario. It turns
out that those scenarios are highly constrained by existing experimental limits from the LFV processes and
(g — 2)s, to require a mu or electron-tau flipped feature in the mass eigenbasis when coupled to the ALP.
We then examine a hybrid scenario combining the two separated scenarios, and find a fully viable
parameter space on the ALP mass-photon coupling plane, which limits the ALP mass to be around (1.7-
10) GeV and the ALP decay constant f, to be (12.8-67.9) GeV. Discrimination of the present ALP from
other light LFV particles are also discussed. We find that the same-sign multilepton signal at Belle IT is a
smoking-gun to probe the present ALP signal, and the polarization asymmetry in LFV radiative 7 decay is a
punchline, which definitely predicts preference of the right-handed polarization, in sharp contrast to the
prediction of the SM plus massive Dirac neutrinos having the highly left-handed preference, and also other
light-new physics candidates with the same mass scale as the present ALP. Possible model-building to

underlie the intrinsically-flavorful third-generation specific ALP is also briefly addressed.

DOI: 10.1103/PhysRevD.105.095033

I. INTRODUCTION

It is well known that the axion, emergent as a conse-
quence of the Pecci-Quinn (PQ) symmetry breaking, gives
a solution for the strong CP problem [1-4], which is one of
the important issues left in the standard model (SM). The
axion generically leaves phenomenological footprints in
experiments and astrophysical observations (see Refs. [5,6]
as a recent review), which arise associated with presence of
the coupling to U(1), anomaly, including not only the
gluonic, but also the electromagnetic form, and also to the
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SM-fermion (axial) currents charged under the PQ sym-
metry. Axions having such phenomenological probes are
collectively called axionlike particles (ALPs), and have
been keeping the position as one of attractive new physics
(NP) candidates, no matter which the ALP may or may not
solve the strong CP problem.

Of interest is to notice that since the ALP carries an axial
charge which it would share with the SM fermions, any
ALP possesses intrinsic flavorful couplings to fermions,
which arise from the right-handed flavor rotation redundant
in the framework of the SM. This is the “minimal flavor
violation” (MFV) for the ALP! Plenty of studies on the
flavor-physics probes of the ALP have so far been
performed. To our best knowledge, however, all those
studies have been worked with assuming additional

'This MFV is outside the standard definition of the MFV,
because the flavorful ALP couplings to fermions also break the
family symmetry U(3)°, in addition to the Yukawa sector in
the SM.
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flavorful couplings beyond the “MFV” framework above:
ALP couplings to SM fermions are given as a mixture of
the intrinsically flavored part and some underlying ultra-
violet (UV) contribution beyond the SM. If one considers
some UV physics of the ALP which would not give any
flavorful structure, it is still unsure how the intrinsically
flavored ALP, constrained by the MFV scheme, could
survive or leave a smoking-gun in the flavor physics today,
or in the future. This is worth exploring, and is our central
motivation in the present work.

In the ballpark of the flavorful-ALP research, the ALP
mass range around MeV-GeV has been focused particu-
larly on, because it can be covered by the prospected
upcoming experiments, say, the Belle II [7], and can also be
desired to explain the current deviation from the SM in
anomalous magnetic moment of muon, (g —2) P [8-10],>
allowing the a — p coupling [32-34] and/or the a-photon
coupling producing the significant Barr-Zee (BZ) type
contribution [35]. It is interesting to also note that this
“sweet” mass range coincides with loopholes, yet uncon-
strained rooms, on the ALP mass-photon coupling space
(See, e.g., Refs. [36-40]). Thus, the ALP with the mass
ranged around MeV-GeV has been motivated well to be a
one promising-NP particle to be probed at the Belle II.

As argued in the recent literature [41], however, it might
not be plausible for the ALP to have flavorful couplings
which allow the y —e conversion [42-44], particularly
because of the severe constraint from the muonium-anti-
muonium oscillation [45]. One way out allowing the ALP
to be flavorful may be to apply folklore to the ALP. That is
like “The third-generation is special, and treated differ-
ently from the first two. [46,47]”, which has often been
motivated in modeling with a flavor symmetry. Since the
ALP would be associated with U(1) axial symmetry (or PQ
symmetry) of fermions, hence has the type of mass
couplings to fermions, the fermion-coupling strengths
should generically be aligned to the fermion mass hier-
archy, on the basis where the PQ symmetry or the PQ
current is defined. Along this criterion, it would be most
plausible to assume that the ALP predominantly couples to
the third-generation fermions, because they are most
massive.

Note also that experimental constraints on lepton flavor
violation (LFV) processes involving tau lepton are milder
than those for muon decay processes, like 4 — ey, hence
the LFV couplings related with tau lepton is allowed to be
larger. Tau-LFV processes with ALP have been extensively
studied in the literature [48—53]. Therefore, such a third-
generation specific ALP with the MFV can potentially be
viable in light of searches for tau-LFV processes at the
Belle II, within the ‘“sweet,” yet unconstrained room

*The SM prediction to (9—2), has so far extensively been
studied. See, e.g., Refs. [11-31].

(loopholes) above, with keeping high enough sensitivity
to (9—2), as well as (g — 2),.

In this paper, we discuss a third-generation specific and
simplified flavorful ALP with the MFV, focusing on the
tau-LFV, and explore the intrinsic-flavorful coupling cor-
relations, in light of the Belle II experiment. The ALP is
assumed to be tau- and bottom-philic on the base where the
“PQ” charge is defined, and can also couple to muon and
electron by the MFV arising from the right-handed flavor
rotation within the SM. Thus, the ALP couplings to muon
and electron are right-handed specific.

We first consider two simplified and separated limits:
electron scenario with the ALP coupled to tau which mixes
only with right-handed electron, and muon scenario as the
muon counterpart of the electron scenario. It turns out that
those scenarios are highly constrained by existing exper-
imental limits from the LFV processes and (g —2)s, to
require a mu or electron-tau flipped feature in the mass
eigenbasis when coupled to the ALP.

We then examine a hybrid scenario combining the two
separated scenarios, and find a fully viable parameter space
on the ALP mass-photon coupling plane, which limits the
ALP mass ~(1.7 — 10) GeV and the ALP decay constant
fa tobe (12.8-67.9) GeV. This ALP can be probed only by
measurement of 7 — py and/or 7 — ey at Belle II, and
cannot be explored by other prospected experiments,
including long-lived particle searches. Discrimination of
the present ALP from other light LFV particles is also
discussed.

We find that the same-sign multilepton signal at Belle II
is a smoking-gun to probe the present ALP, and the
polarization asymmetry in 7 — uy and/or 7 — ey is a
punchline, which gives a definite prediction of the right-
handed polarization due to the MFYV, in sharp contrast to the
prediction of the SM plus massive Dirac neutrinos having
the highly left-handed preference, and also other light-new
physics candidates, which are promisingly probed at the
Belle II.

This paper is organized as follows. In Sec. II, we start
with a generic setup for the ALP couplings, from which the
tau-bottom specific ALP with MFV arises, and derive the
explicit form of the couplings relevant to the LFV processes
as well as (g—2), and (g—2), discussed in Sec. IIL
Section IV. shows constraints and predictions for two
separated scenarios: the electron scenario and muon sce-
nario. In Sec. V, we employ the hybrid scenario and show
the viable parameter space projected onto the ALP mass-
photon coupling plane. Then, we propose a smoking-gun
and a punchline to discriminate the present ALP from other
Belle II-targeted NP candidates: that is the polarization

There have been several experimental proposals presented to
investigate the loopholes [54-57]. All those proposals are based
on parametrically flavorful ALP couplings, in contrast to the
present model highly constrained by the MFV criterion.
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asymmetry in the radiative tau LFV decay processes.
Section VI is devoted to summary of the present paper,
and discussion on several issues related to the future
prospect along the current work. Possible model-building
to underlie the present third-generation specific ALP is also
briefly addressed.

II. ALP WITH MFV

We begin by considering the ALP couplings to SM
quarks and charged leptons. We assume the CP invariance
for the ALP couplings in a current basis on which a PQ-like
charge is defined. We consider a minimal set of the ALP
couplings described by the following effective quark and
lepton mass-matrix terms:

_ij - i a _ -
Linass + Lagr = —qimg q; — Emy € — l]Tqi}'scb’ qj
a
.a - .
— lfffﬂ/5C?fj, (1)

a

where ¢ = (u,d, s, -+, t)T and ¢ = (e, u,7)7 are the quark
and lepton fields, respectively; a is represented as the ALP
field; f, is the decay constant of ALP; the sum over the
repeated indices are taken into account. We have introduced
the ALP-fermion coupling terms as a matrix form, C, ¢,
which are taken to be real to keep the CP invariance at this
point. For minimality, we assume the coupling matrices to
be diagonal in the flavor basis:

C, = diag{Q,m,, Qymys, .... Q;m,},
Cf = diag{Qemev Qﬂmﬂ’ Qrm‘r}v (2)

with the flavor-dependent constants Q, », which can be
regarded as the PQ-like charges for the corresponding
fermions.

Next, we move on to the mass eigenstate basis of
fermions. The criterion of minimality allows the flavor
mixing supplied only from the SM sector, i.e., that is the
intrinsic flavorful source, what we call the MFV for ALP
and is dubbed MFV. Recall the fermion-mass diagonaliza-
tion in the SM, which is worked out by biunitary (left and
right) transformations of the mass matrices. The degree of
freedom of the left-handed rotation is completely fixed
by the Cabibbo-Kobayashi-Maskawa (CKM) [58,59]
and Pontecorvo-Maki-Nakagawa-Sakata (PMNS) angles
[60,61], while the right-handed one is unfixed within the
SM, to be left as hidden, redundant and unphysical
parameters. When the ALP is present and has the chiral
couplings to SM fermions, as in Eq. (1), the redundant
right-handed rotation actually becomes physical. This is
only the flavor-violating source for the ALP within the
present MFV framework, and breaks the parity, allowing
the ALP to couple to SM fermions, not only in an axial
(pseudoscalar) form, but also in a vector (scalar) form.

The rotation matrix of right-handed lepton fields, U%,
can be defined in a way similar to the PMINS matrix. We set
the CP phase dcp to be zero, because the CP violation of
lepton sector is not our current concern. The rotation matrix
U% is thus parametrized as

C12C13 $12€13 S13
£ _
Ur=| —s12¢23—C12813823  €12C23— 512513823 €13523 |
812823 —C12813C23  —C12823 = 512513C23 €13C23
3)
where ¢;; = cos6;; and s;; = sin¢;;. By performing this

rotation, the Lagrangian terms in Eq. (1) in the mass
eigenstate basis are cast into the form:

_ - . a _
L'3—gm,0,q; —imp6,;€; — lf_Qi((gg/)ij

. a -
+(98)i75)4; — lf_afi((g\f;)ij + (9?);;75)5]'» 4)
where the vector and axial couplings are given as

C,Us—U%TC, C, U4+ ULTC,

£ £
gV - 2 ) gA - 2 )
g[\]/ =0, 9;]\ = Cq' (5)

The ALP-photon coupling can be induced through
quark and charged-lepton loops at the one-loop order.
When the ALP and photons are on-shell, the coupling
reads [62]

—cefft £ 4

ary —

L F,, Fm, (6)

144 4”fu 124

where

eff —
CV}’ -

q 2
E 3( Zm 2 (gA)q,'lIi Bl <4m2%>
! m m

q;i=u,d, -t qi a

om (9?)4/,- 4””?’,-
Y o iian (M) @

i=eut Mq

where F,, is the photon field strength; the dual field strength
F is defined as F* = 1P F 5, with €"'2 = +1; ais the
fine-structure constant of electromagnetic coupling; QZ‘TE )

denotes the electric charge (in unit of e) for i— quark
(¢—lepton). The loop function B, (x) is given as
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B, (x) = —xf?(x),

s 11
sin™" -~ forx >1

f(x) = . : (8)
%—i—élnllf‘/\/g for x <1

The loop function B;(x) applied in Refs. [62,63] is
1 — xf?(x), with an extra constant term “1.” The difference
comes from the model setups.4 The present ALP model is
assumed to have a minimal set of ALP couplings, so that
the ALP coupling to photon only arises from one-loop
charged fermions, as in Eq. (7). This setup has been
realized by requiring a “bare” coupling C""‘re to cancel
the electromagnetic U(1) ax1al anomaly arising due to the
anomalous U(1), rotation.” If those terms had not been
made cancelled each other, by going beyond the present
minimal setup, we would have the same result on B (x) as
in Refs. [62,63] with the extra term “1.” However, as far as
the ALP mass around ~O(GeV) is concerned, which is the
present target mass range, the numerical evaluation on
amplitudes involving this Cett coupling would not sub-
stantially be altered whether the term “1” is included or not.

It is convenient to further give the relation to the effective
ALP-lepton coupling C?-f,- adopted in Ref. [62]. Since we
focus on the tau-bottom specific ALP, we set O, = Q, =0
and Q, = 1. Given this benchmark, the effective coupling
C?,fj takes the form

1
flavor diagonal: ¢%, = — (¢}).., ct, = C,’f,, =0,
flavor off-diagonal: ¢Z, \/_\/| e, |* + 1(94)e, I*
(¢ #7), Ceu = 0. )

III. RELEVANT LEPTONIC PROCESSES

In this section, we list several leptonic processes,
including lepton-flavor conserving and violating physics,
such as (9—2), and (9—2),,¢; = £y and &; — €610
These processes will give constraints on model parameters
later, in Sec. IV.

A. Anomalous magnetic moments: (g-2), and (g-2),

1. Muon g-2

The latest measurement on the anomalous magnetic
moment of muon, a, = (g9-2),/2, reported by Fermi

*For discussion on this discrepancy, see also Ref. [37].

The most general ALP interactions include the three types:
the mass coupling as in Eq. (1), derivative couplings to vector and
axial-vector currents, and the “topological-charge” type (FF).
One of three can be removed by adjusting the axial rotation angle.
In this context, the present ALP model has assumed to remove the
derivative type of couplings by the axial rotation in the beginning.

1t I [t 1
(a) (b)

FIG. 1. Illustration of the ALP contributions to Aa,: BZ type
(Left) and arch type (right). In the BZ type diagram the white blob
for the a — y — y vertex is evaluated by the effective coupling C?,f,f

in Eq. (7). (a) Barr-Zee loop (b) arch loop.

lab [8], tells us that the combined average with previous
result at Brookhaven [9] is 4.2¢ deviation from the SM
prediction a;™ = 116591810(43) x 107! [10] as:

Aa, = a;” —aM = (2.51 £0.59) x 1077, (10)
To this discrepancy, the ALP can contribute as the NP term,
which can be written as

Aal? = AaB% + Aa¥eh, (11)
involving two kinds of diagrams: the BZ and arch loop

diagrams as depicted in Fig. 1. The contributions from
these two type of diagrams can be evaluated as [37,63,64]

Aa/l?z - 1677.'2f2

m2 2a (4nf,)?
2o O ) a2)

u

Aaarch ( g g) I++
(] 8ﬂ2f§fze;r v llf VIfu' f

S CANCATR XL (13)

where x, = mj/mj, and the loop functions are

x2 x+2
By(x) =1+ = Inx -2
\/x(4—x)cos‘1‘/7;x <4 (14
(x—d)xIn ity 5y
IS = 1 g, () me, (£),me, )

:/dxdydzé(l—x—y—z)

Xy + ()25 + (£),(1 =) 5~ (1s)
X : 7>
—xymy, — xzm%/_ +xm?Z + (1 - x)m%f

where m,, and Mg, correspond to charged-lepton masses in
initial and final states for the process, respectively, and m, :
is the charged-lepton mass in the loop.
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In evaluating the BZ diagram in Eq. (12), we have
introduced a cutoff scale and replaced it simply by 4zf,,.
Presence of the logarithmic divergence is due to the current
simplified evaluation of the diagram, in that the a —y — y
vertex function is replaced by momentum-independent on-
shell-effective coupling C:f, in such a way that the BZ
contribution can be evaluated as an effective one-loop
graph. If the BZ diagram were computed exactly at the two-
loop level, we would have a finite result as in the literature
[65,66]. No matter which evaluation is applied, however,
the BZ contribution vanishes in the current tau-specific
model with ALP being flavorful via only the right-handed
mixing angles, which leads to ¢/, =0 from Eq. (9):

i
Aal” = 0.

2. Electron g -2

A very recent accurate measurement on the fine-structure
constant of the electromagnetic coupling has reported the
latest value of the SM prediction to the anomalous mag-
netic moment of electron, a5M = 1159652180.252(95) x
1072 [67]. Comparing to the direct experiment measure-
ment [68], we see about 1.6¢ discrepancy:

Aa,=a;? —aM = (4.8 £3.0) x 10713, (16)

It is worth noting that the two deviations, Aa, and Aa,,
have the same signs. Actually, the latest measurement [67]
fairly disagrees with the previous results without any clear
reason. Therefore, here we also quote the previous value
of Aa, [69,70], the sign of which is opposite compared
to Aa,:

Ad,|yq = (8.7 £3.6) x 10713, (17)

Similarly to Aa,, in Eq. (11), the ALP contributes to Aa, as
the NP term, which is split into two terms:

AdY? = AaP? + Aa¥eh, (18)

where

2 2a (47rf )2
A BZ _ _ n, fceff In a —h , 19
e 167T2f2 e 2( ) ( )
Aa dmh 87[2 2 Z gV ef gV)fe 11
a f=euz

+ (9h)er (9) eI £ 7)- (20)
Again, the present BZ contribution vanishes because

ct, =0, from Eq. (9): AaB? =0.

B. Radiative LFV: 7; — ¢}y

The branching ratio for #; — #;y decays process can be
evaluated as [32,60]

r,-¢;
Br(¢;— £jy) :%,
50,0 \2
amfi(cfifj)
N i) :W C?.,,ﬂiﬁh (xfi)

2

gf)flfl
Zf =ud,....u,t mf

2 2

a ma
f( 2 2 ) ’

My, My,

(21)

where x,, = m?2/ m%j and I'y, is the total width of lepton 7.
The loop functions showing up in Eq. (21) are

3 3 -
g1(x) =24 — xx> cos™! \/7;4— 1-2x+ 0 *nx,
—x
(22)
1 ux
,V) = dxdyd 23
flu.) A e Zuk+uvxyz2+vz2x2)‘:2 (23)

where X(¥, z) is the shorthand notation for x(y, z) — 1. Note
that in the present ALP model, there are only bottom and =
contributions to the second term in Eq. (21). See Egs. (33)
and (43). In contrast to Aaj” and AaP” in Eqs. (12) and
(19), the overall coupling for the BZ graph contributions is
set by the flavor-off diagonal one, Cf,- I which leads to

nonzero contributions [via Eq. (9)] to the radiative LFV
processes. However, it will turn out that the BZ terms is
actually required to be highly suppressed by phenomeno-
logical arguments.

Here we have kept the leading term in expansion with
respect to large m,, so that only the #; lepton contribution
has been taken into account in evaluating the arch loop,
because other terms will either involve flavor changing
couplings twice, or be suppressed by the smaller lepton
masses, hence are all likely to be subdominant.

C. Purely leptonic LFV: ¢; — €27,

Other important and stringent constraints would come
from purely leptonic LFV processes, like &; — ;6.
The mass of ALP is fairly sensitive to those processes:
when m, <2m,_or m, > m, — Mg, the ALP can only
be produced off mass shell, while for 2my, < my, <
L the ALP can be produced at on-shell. For
simplicity, we only consider the tree-level contribution
from the ALP. The explicit expressions of the branching
ratios for those processes are given as follows [63]: for
My > My — Mg, We have
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2> 2 .3 2
Coe Coe,Me M

T(¢;— ;0" — £i6080) = %ol (x,). (24)

2567 f4
where
i 11 .x2 2x —1 o
pf(x) =——+4x—|=In —1+45x—4x
4 2
x—1 x° x—1 X
1 — |Lip{ =—— | — Li
Ty +2{12<2x—1> 12<2x—1>]’
(25)
-1 5
o (x) = (3> —4x + 1) In™ +3x-2: (26)

for 2m, <m, <m, — Mg, We have

F(f,afjaﬁfjfkfk)zr(fl—>fJa)Br(a—>fkfk)

2> 2 .3 2
_ Chn e My My,

~ T 56024

where 7, denotes the lifetime of ALP.

D. LFV production of on-shell ALP: [; — L;a
At tree level, the on-shell ALP can be generated through
the decay process ¢; — £;a and its partial width is
computed as [63]

2

3 2\ 2
My, my \~ €z,
I(¢i = ¢ja) = o (1—@> 7 (28)

i

E. Experimental limits

In Table I, we give a summary of the currently available
experimental bounds and future prospected limits on the
tau-LFV processes.

IV. TWO SCENARIOS FOR BOTTOM-TAU
SPECIFIC MODEL

In this section, we investigate two separated scenarios for
the third-generation specific model relevant to the tau-
lepton flavor physics, as well as Aa, and/or Aa,. We
employ the two separated scenarios: the electron scenario
and muon scenario. For the electron scenario, we turn on
only 6,3, which connects the tau and electron flavor
physics. While for the muon scenario, only 6,5 is taken
to be nonzero, to allow tau and muon flavor physics to be
correlated. We maximize the ALP coupling to bottom

TABLE I.  Current and future prospected limits on the relevant
tau-LFV processes.

LFV process Experiment limit with 90% CL Future prospect

T ey 3.3 x 1078 [71] 3x 107 [56]
T uy 4.4 %1078 [71] 1079 [72]

7 3e 2.7 x 1078 [71] 5% 10710 [56]
T 3u 2.1 x 1078 [71] 4 x 1071 [56]
T eutu” 2.7 x 1078 [71] 6 x 10710 [56]
T— pete” 1.8 x 1078 [71]

3 x 10710 [56]
~2.7 x 1073 [73]
~5 % 1073 [73]

T — e+ inv
T — u+inv

quark, by simply assuming no flavor mixing with the ALP
in the quark sector, i.e., 8, = 0. The setup for the lepton
sector in these two scenarios is summarized in Table II.

A. Electron scenario

In this scenario, there are only two nonzero couplings to
SM fermions left:
¢, = cosfs, Cpr = SINOy3. (29)

Then the ALP-photon coupling in Eq. (7) is now sim-
plified to

| 4mi 4m?
C;e,g,f = gBl < m2 ) + COS 91331 (W) . (30)

a a

Note that CI' does not simply scale with 65 because it
involves the bottom-quark loop contribution, hence the sign
of cos @3 becomes relevant, and 6,5 is allowed to take the
values in the first and the second quadrants, i.e., 6,3 € [0, 7.

Similarly, we can simplify Aal* in Eq. (18) with
Egs. (19) and (20), 7 — ey in Eq. (21) with Eq. (23),
and 7 — ea in Eq. (28), to get

. 29
Aa? = Smf_szl(ma), (31)
sin®
Brl[t — ea] = 7 13 Fy(my,), (32)
sin%0 m2
Br[t — ey| = i 13 F3(m,)|cosf3g, <W>
2a m2 m2 m2 m2\ 112
9 9 4 z bl
) o (G55)
(33)
where F(m,), F2(m,), and F3(m,) are defined as
%m% o -
Fi(mg) == (Ipi + 157, (34)
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TABLE II.

The electron and muon scenarios with the corresponding parameter setup in the lepton sector, and the
associated LFV processes as well as the lepton (g — 2)s.

Third-generation specific model with Q. = Q;, = 1, other Oy =0

Scenario

Parameter setup

Nonzero leptonic processes

Electron scenario
Muon scenario

01370, 63 =60;,=0
03 #0,60;3=0;,=0

Aa,, T — ey, 7 —> e +inv
Aa,, T — py, T = p+inv

mS mZ 2 1
F SN LT 35
Z(ma) T 32ﬂ ( m%) m% ( )
Fym,) = 7, (36)
m = —_—.
3\VMa) = Tt 1006

It is interesting to note that the present ALP generically
gives a positive contribution to Aa,, because F;(m,) is

positive definite.
In Fig. 2 we show the numerical result on Aa, (left
panel) and Br(r — ey] (right panel), for m, = 2 GeV, with
|

[ varied. As seen from the figure, 7 — ey process tends to
be predicted to be too large (O(1)) to survive the current
experiment limit (O(1078) as in Table I). There exists a
destructive cancellation between the arch and BZ dia-
grams, where the dominant contribution comes from the
7 arch loop. Thus Br[r — ey| approximately scales with
sin? @5 cos® @,5. Hence, to realize small enough Br[r —
ey] while still keeping sizable deviation of Aa,, 6,5 should
be fine-tuned to around /2, close to the exact cancellation
between the 7 arch loop and the BZ contributions. Below
we give the precise value of the allowed region for 6,3
when m, = 2 GeV:

fa=108GeV,  60,;~1.55132-155152,  Br[r — ey] = (0-3.3) x 108 (37)
fo=14GeV,  0,;~154966-1.55001,  Brfr — ey] = (0-3.3) x 108 (38)
fo=28GCeV,  0,;~1.54482-154622,  Br[r — ey] = (0-3.3) x 108 (39)

As evident from Eq. (34), the ALP contribution to Aa, is
necessarily positive. For Aa, to stay in the region within the
20 deviation, the decay constant f, is thus constrained to be
larger than 10.8 GeV when m, = 2 GeV. If we adopt the
previous value of Aa,, Aa,|yy = (8.7 +7.2) x 10713 in

x10713
f.=10.8[GeV]
[——f=iafGev] ~ ~ 7T T T T T i
10 f =28 [GeV]
8 F agp -Aae < 20Exp 4
o 6T 1
©
< 4 F J
2 - -
0 - -
) 1
0 w4 w2 34 m
01 3
(a)
FIG. 2.

I
Eq. (17), then the present ALP cannot account for Aa,,
rather, would be ruled out.

The ALP gets further constraints coming from 7 — ea,
where the on-shell ALP is generated through the tau decay
process. The straightforward numerical calculation shows

1 T
f,=10.8 [GeV]
—— 1 =14[GeV]
0.8 f,=28 [GeV]
=
(o)) 06
A
[
— 04r
m
) /\
0 L L

0 w4 w2 3rv4 s

013

(b)

(Electron scenario): 8,5 dependence of Aa, (left panel) and Br[r — ey] (right panel). In the left panel, the blue band stands for

the currently allowed region within the 26 deviation read off from Eq. (16). The ALP mass m, has been set to 2 GeV in the

plots. (a) Aa, (b) 7 — ey.
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x10°
4 T T T
f_=38.1 [GeV]
T - N e R R R R R R R R R
—— 1,=50 [GeV]
f_=63.6 [GeV]
a
3 aV’-Aa <20
" " Exp
3
3

0 4 w2 31v/4 s

(@)

%107
fa=38.1 [GeV]
(A fa=50 [GeV]
fa=63.6 [GeV]
— 5T
?»
I 4t
A
3T
M
2 -
1 L
0 L L
0 w4 w2 3/4 1
923

(b)

FIG.3. (Muon scenario): 6,5 dependence on Aa,, (left panel) and Br[z — uy| (right panel). In the left panel, the purple band stands for
the 26 allowed range read off from Eq. (10). The ALP mass m, has been set to 2 GeV in two figures. (a) Aa, (b) 7 — uy.

that F,(m,)/f> in Eq. (32) gives too big branching ratio
value compared to the experiment constraint except for 03
taking the value extremely close to O or z. However, 83 ~ 0
or 7 would yield Aa, < 10713, which would still be
consistent with current measurement of Aa, within the
20 error in Eq. (16), though being trivial in a sense of no
LFV. Nevertheless, we shall simply exclude the possibility
of this case with the on-shell ALP production through
T ea,6 such that the present ALP mass is constrained
as m, > m, —m, ~1.78 GeV.

B. Muon scenario

In the muon scenario with only nonzero 0,3, we have two
nonzero couplings to SM leptons:

Cyr = COS O3, Cyr = SiNG3. (40)

Then all the analytic formulas for the ALP-photon coupling
and relevant LFV amplitudes take essentially the same form
as those in the electron scenario, just by replacing 0,5 with
03 in Eqs. (30)—(33) and substituting m? with m} in
Eq. (34):

102
AaNP _ S 923

M TF1(ma)7 (41)

®There is another important limit on tau-LFV decay processes,
like 7 — e +inv. However, in the present ALP model, this
process does not give further constraint on the model parameters
when we consider the 7 — ea process, since the overall factor
Fy(m,)/f% in Eq. (32) is always too big to be survived under
experiment constraint. Therefore, the present model will always
be excluded once we allow the on-shell ALP production, which is
irrespective to whether the ALP decays inside, or outside the
detector.

sin2 923
Brlt — pa) = 7 F,y(my,), (42)
sin’@ m?
Brt — py] = 7 2 F3(mg)|cosfg, <W>

2a[  (m2: m2 m2 m2\]?
2Dl

n m?’ m3 m2’ m?

(43)

The numerical results on Aa, and Br[r — uy] are
presented in Fig. 3, for m, =2 GeV with f, varied, in
a way similar to the electron scenario (Fig. 2). The current
7 — uy limit only allows tiny window for 6,3, where 6,3
should be bounded around /2 to cause the almost exact
cancellation between the 7 arch loop and the BZ term
contributions [See Eq. (43)]. Therefore, with 6,3 ~ z/2, the
decay constant f, is constrained and allowed to vary only
in a small range, 38.1 GeV-63.6 GeV, to yield Aa, within
the 20 deviation [See Eq. (41)]. Similarly to the electron
scenario, the on-shell ALP prodution via z — pua is rule out,
and this gives the lower bound on the ALP mass,
m, 2 1.67 GeV. Below we also give the precise 0,3 region
when m, = 2 GeV:

£, =38.1GeV, 6y = 1.54205-1.54506,

Br[z — uy] = (0-4.4) x 1078 (44)
F.=50GeV, 6y~ 1.53923-1.54442,

Br[z — py] = (0-4.4) x 1078 (45)
F.=63.6GeV, 0y =~ 1.53605-1.54447,

Br[z — py] = (0-4.4) x 1078 (46)
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Thus, both two scenarios that we have discussed above
are constrained to have the flavorful ALP coupling with
013 ~ /2 or O3 ~ x/2. It would be intriguing to note that
this indicates the preference of a mu or electron-tau flipped
feature in the mass eigenbasis when coupled to the ALP. In
the next section, we will go beyond these specific scenarios,
and employ a hybrid scenario by turning on both 6,5 and
0,3, and will find the surviving parameter space under all
the existing relevant constraints. Of particular interest is in a
hybrid scenario that the currently measured size of devia-
tion in both Aa, and Aa, may be explained simultaneously.

V. A HYBRID SCENARIO

With both nonzero 6,5 and 6,3, we find the nonzero ALP
couplings to SM charged leptons:

Crr = COS B3 cOs O3,
Cﬂ,[ = sin 923,

Cor = COSOp3 8inH3. (47)

In this section, we focus mainly on the ALP mass within
the promising Belle II reach with the high sensitivity
(100 MeV <m, <10 GeV), and search the surviving
ALP-photon coupling space over existing and upcoming
experimental limits (Part A). Then we propose a smoking-
gun and a punchline of the ALP, where in particular the
latter is the photon polarization asymmetry 4,, clearly
distinguishable from other NP candidate with the same
mass scale, which can also account for the current devia-
tions in Aa, and Aa, (Part B). Finally, we make precise
comparison of the ALP with other NP candidates in a sense
of phenomenology (Part C).

A. Experimental constraints on ALP-photon
coupling within Belle II reach

In Fig. 4, we show the exclusion plot for the ALP
parameter space spanned by (m,, g,,,), where

a|C
Gayy = Zf, (48)

The existing experimental limits include ete™ — 3y at Belle
IT [7], a photon-beam experiment [74], and heavy-ion
collisions [75]; electron beam dump experiments [38]; and
SN 1987A [76]. We have also incorporated the SHiP
prospect [77], the future Belle II prospects at 20 fb~! and
50 ab~! [38], and also the prospected Belle II limit on the
same-sign multileptons signal at 50 ab=!' [78]. We find the
following features:

(i) Both7 — uy and v — ey processes require the almost
exact cancellation between the 7 arch loop and the BZ
contributions, as in the case of the muon and electron
scenarios. Hence 0,5 is severely constrained to be

107

i '
i |
102F = f Belle I ' e collisions
g
=]
3 = I f"’i
SE - I
10 !\ Belle I1 3 5 (20_fh. umnm=m=mr=n T Jf)—
— [ = NGg =
A H ' gl
» 1 e
E 104 [ Belle 11 3 4 ;m_"‘__!__ m—————— ‘j
e ; L Bl
108 _E'q——“———:—h'—q?me and 7 — p(e)y |
< A 1 !
o i i
. i i
10 ! Belle II !
1 same-sign multileptons 1
7 [ SN 1978a i i
107" E H H
i i
10.3 Il 1 1
107 100 10"
m, [GeV]
FIG. 4. (Hybrid scenario): Existing and prospected constraints

on (Mg, gay,) from various experiments as marked in the plot. The
allowed parameter space for (g —2), and (g —2), within the 26
error has been displayed in the blue slashed area in the center of
the figure, which also satisfies constraints from 7 — uy and 7 —
ey processes. The other colored regions are excluded from other
experiments. In particular, the yellow shaded region is excluded
by I';(LFV) < AT’,. Thus, the surviving parameter space corre-
sponds to the blue-centered regime labeled as “(g—2),, and
7 — u(e)y” not overlapped with other filled regions with labels of
experiments, in color. More details on experimental limits and
derived ALP phenomenological trends are referred to as in
the text.

around /2, so that the ALP photon coupling C<If is
dominated by bottom quark loop, C&f ~ 1B, (%).7
Note that this almost complete cancellation condition
is not sensitive to Br[t — uy|, nor Br[t — ey|. If t —
u(e)y is observed at Belle IT with the prospected
branching ratio of O(107?), it can still be consistent
with the present ALP.

(i1) f, is constrained and allowed to vary in a narrow
range,

fa=~(12.7-93.3) GeV, for m, = (0.1-10) GeV.

(49)

In such scope of f,, the predicted deviation of Aa, is
on the order of magnitude of O(107'4), which is too
small that the current experiment limit on Aa,
cannot give any constraint on 6;3. However, the

" Actually, the constraints from both 7 — uy and 7 — ey require
cos 013 cos B3 ~ 0. So we have two cases: (i) 013 ~ /2 and 03 is
arbitrary; (ii) 0,3 ~x/2 and 63 is arbitrary. In the present
analysis, we have adopted the second case, since in the allowed
range of f, [Eq. (49)], Aa, is necessarily too small irrespective to
the size of 015 [See the discussions below Eq. (49)]. Therefore,
fixing such a potentially free 6,5 to a specialized value ~z/2, as
in the first option above, seems to be unnatural, so we have
discarded this case.
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TABLE IIl. The allowed parameter region for m,, f,, and 6,5.
Multilepton constraint m, (GeV) fa (GeV) 03
Not included ~(1.7-10) ~(12.8-67.9) ~(1.42-1.55)

Included ~(1.67-1.88), (8.58-10)

~(41.0-67.9), (12.8-24.3)

~(1.54-1.55), (1.42-1.47)

unconstrained 6,3 will not affect the surviving
parameter space, because #5 is always combined
with cos@,; ~ 0 in the relevant coupling form, as
clearly seen from Eq. (47).

(iii) The 7 — pa and 7 — ea limits give the lower bound
on mg, as in the case of the muon and electron
scenarios. I'(z — pa) and I'(z - ea) are always
predicted to be too large in the present model, so
that the whole on-shell ALP process can also be
excluded by a general constraint: [';,(LFV) < AT,
where I',(LFV) is the partial 7 decay width to which
the LFV 7 decay contributes, and AT, is the 1 sigma
error in measuring the total z decay width, A", ~
3.9 x 10715 GeV [79]. The excluded mass range is
shown in the yellow region in Fig. 4.

(iv) On the contrary to 7 — ua and 7 — ea, the pro-
spected limits from the Belle II same-sign multi-
leptons signals will be a smoking-gun to probe or
exclude the present ALP, which could give the upper
bound on m,. The sensitivity is depicted as the
green-dashed hatched region in Fig. 4. The pro-
spected same-sign multileptons signals are quoted
from Ref. [78], where the authors only assume a —
7 — p coupling (c,,) without the a-photon coupling.
In contrast, the present ALP has nonzero ALP-
photon coupling, so the constraint on ¢, in Ref. [78]
could be milder than what the authors have obtained.
Therefore, the green-dashed hatched region in Fig. 4
might merely correspond to the maximal exclusion
limit, and the actual allowed space could be wider.
Hence, in the high sensitivity region for Belle II,
where 100 MeV <m, < 10 GeV, we find two sets
of the allowed ALP mass and decay constant f,,
together with the largest allowed range for 6,5 in
Table III.

The corresponding predicted values of Br[r — uy| and

Br[r — ey] are shown in Table IV.

Thus, the present ALP in the hybrid scenario can be

probed by 7 — py and/or 7 — ey, but cannot have

TABLE IV. Predicted branching ratio value for 7 — pu(e)y
processes.

Multilepton

constraint Br[t - py] Br[r — ey]

Not included (0-4.4) x 1078 (0-6.7) x 107°
Included (0-4.4) x 107%  (0-1.5) x 1072, (0-6.7) x 107°

sensitivity to eTe~™ — 3y, even with higher statistics
(50 ab™!), as seen from Fig. 4. It is also remarkable to
notice that the surviving parameter space points to a part of
the currently unexplored “loopholes,” which cannot be
explored even by the upcoming long-lived particle search
experiments, such as SHiP, and only the 7 — u(e)y can
probe. In the next subsection, we will propose a more
definite signal of the present ALP at Belle II, that is the
polarization asymmetry in 7 — p(e)y, which can be a
punchline of this tau-specific ALP with the MFV.

B. Polarization asymmetry in ¢; — €y

We first should observe that the present ALP couples to
muon and electron, only through their right-handed chiral
components, i.e., 4p and ep, because the couplings to light
charged leptons arise only through the right-handed flavor
rotation, as seen from Egs. (3), (4), and (5). Thus, in the
present framework of the MFV, the ALP couplings to light
charged leptons significantly break the parity, hence would
generate a sizable left-right asymmetry in the charged-
lepton sector physics. Note that the chiral gauge interaction
of the SM universally predicts predominantly left-handed
polarization. In what follows, we shall show that the present
ALP indeed predicts a sizable asymmetry in 7 — u(e)y,
that can be detected as the polarization asymmetry of the
final state photon.

Quantification of the polarization asymmetry in 7 —
u(e)y can follow straightforwardly from that in b — sy,
which has been discussed in the literature [80,81]. Then,
the Wilson coefficients (WCs) of dipole operators (C; and
(%) play the central role. For the photon polarization in
;i — ¢y decay process, we define the relevant WCs, in a
manner similar to those for b — sy [80,81], as follows:

G e -
‘Cgipole = 7%(C§)/l 1672 mf,-(fjg}wPRLﬂi)F/w
GF o e 2>
NG (CF )ji@mt’[(fjo' P, ¢)F,,. (50)

where 6#* = £ [y*,y*] and Pg/;, = (1 £ y5)/2. Here we have
ignored terms proportional to the lighter charged lepton
mass, my (< mg,). Then the polarization parameter 1, can
be defined analogously to the b — sy case [80,81], as
Re[(CY);i/ (CF);)* + Im[(CY) i/ (C9);i]* = 1

= Rell ) (), () /(=1 O
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The WCs in Eq. (50) include contributions from
both the SM and NP, which is the ALP in the present
study. For a reference model, we consider the SM with
massive Dirac neutrinos (denoted as SMDv). The model
contribution for 7 — uy can be estimated, at the leading
nontrivial order in expansion with respect to (m,/m,),
as [80]

1
(Cf);sgv[m ~ EASMDD(X ), (52)
(le)SMDD ~ m_ (Cf)SMDI/ (53)
7 Jut ~ m T P

T

where x, = m2/m3,, m, and my, are masses of an active
neutrino and the W boson, respectively. Here we have
simply taken the identical mass for all the active neutrinos,
and the PMNS matrix to be unity, which, though being not
precisely realistic, will not significantly affect the order of
|

(Cf ﬁp = 2f2 Z[ gv if QV fzIfl + (gA)jf(gA)fz jl

7 (Qpmy,)? = (Qpme,)? HQeme, -

magnitude of estimate on the SMDv contribution. In
Eq. (52) the loop function Agyp,(y) reads

3x3 — 242
2(x—1)*

—8x3 —5x2 4+ Tx
12(x—1)3

Asmpy (¥) = Inx.  (54)

Then we get the value of SMDv contribution on the WCs:

(CF)SMPr ~ —4.51 x 1077, (55)

(C’{’)/%’ID” ~ —2.68 x 10728, (56)
Obviously, [(C7)3MP¥|>> |(CY)aMP¥| because m,/m, < 1,
which is the consequence of the chirally left-handed
gauged weak interaction, as noted above.

As to the NP contribution, the ALP arch and BZ graph
amplitudes for #; — £y process are given in Refs. [64] and
[63], respectively. By translating those formulas back to the
Lagrangian operator form, we find the following WCs:

- (gi)jf(gé)filfj_ + (gé)jf(g,ﬁ)filﬂ

f 2 2
Orme,)(G4) i + (Qrme, + Qpme )(g5) i} (gA>fff(:z; ,Z—;é)}, (57)

mg ‘

(cy) ﬁp = 2f2 Z{ (9 ]f(gv)fll + (gi)jf(gi)fil}r,f + (g,i)jf(g\f;)filj_‘j - (g{;)jf(gi)filj:._l

a 1

7 (Qpmp ) —

(Qr,me))

where the loop function f(u, v) for the BZ diagram is given
in Eq. (23).

Since the present ALP is specifically coupled to ug and
eg, as emphasized above, we have (C5)N ~0 at the

mr / mr
AY

L TR T, TR I%L KR ~a
mr N
TI, TR T TI,

(a) (b)

FIG. 5.

5 {(Qsme, - ijmfj)(gi)ji

f 2 2
—(Qpmy + ijmfj)(glf;)ji} (gA)'ﬁff<m2a ’m_gﬂ’

mg

(58)

|
nontrivial-leading order of (m,/m,). Figure 5 would also
help understand this point, where the case of 7 — uy is
exemplified. One can see that the nonzero contribution
to C; necessarily requires the ALP coupling to y; (panels

// \\\ 5
mr / mr mr \
\ N
TR TL TR TL TR ML v Na
mr mr \
ol TR TL TL TR 155
(© d

The arch and BZ diagrams with chirality flips depicted contributing to C; and C% for 7 — py, at the leading order in expansion

with respect to (1, /m.). To this order, the diagrams (c) and (d) are not generated because of the ALP parity-breaking coupling property
for muon. See the text, for more details. (a) C/f arch (b) C’f BZ (c) C? arch: absent at the leading order (d) C§ BZ: absent at the

leading order.
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(c) and (d) in Fig. 5), which is forbidden at the leading order
without suppression by extra chirality flip with m,. On the
other hand, the C/, does not yield the chirality flip of muon,
as seen from the panel (a) and (b) in Fig. 5. A similar
argument is applicable to the case of 7 — ey.

Thus, the present ALP with the MFV and the maximal
parity violation predicts

[(CHNI > [(CHN, (59)

in sharp contrast to the SMDwv prediction where
|(CY)SM| < |(€%)SM|, as noted above. We have found that
the ALP contributions to the WCs are much greater than the
SM contribution: (C¥)N = O(10713-107"?) in the surviv-
ing mass and f, ranges, see Table III. Thereby, we find a
punchline of the present ALP in the polarization asymmetry
of Eq. (51):

A1, (60)

which shows the polarization trend completely opposite to
the SMDv’s one with 3™ ~ —1.

C. Discrimination from other LFV NP candidates
in light of Belle II

In this subsection, we compare phenomenological pre-
dictions from the present ALP to those from other LFV NP
candidates with the same preferable mass scale as in
Eq. (IIT), within the prospected Belle II reach. Those NP
include a light LFV Z’ as in Ref. [82], and another type of
flavorful ALP, as in Ref. [83].8

(i) In Ref. [82], the light Z' predominantly couples to

muon and tau lepton. In their work, the preferred Z’
mass range consistent with the 2o deviation range
for (g —2), has been found as M, ~2-900 MeV,

which is promising to be probed at Belle II. Our
MFV ALP would be a counter-candidate to this type
of Z' in the high mass region in Belle II reach, both
of which is accessible at the Belle II through similar
LFV signals, as well as accounts for the current
deviation in (g —2),. Of crucial is to notice, how-
ever, that our ALP can be clearly distinguished
from Z' by the punchline, A, i.e., the polarization

¥ Another Belle II-target NP, which has the potential to explain
two (g — 2)s for light charged leptons, would involve a light dark
photon (A’) with a mass range similar to the present ALP’s, as
discussed in Ref. [84] (300 MeV < my <1 GeV). This dark
photon does not have LFV couplings, so the radiative tau-LFV
signals as well as those polarization asymmetries (4,) are the
definite discriminators for the present ALP compared to the light
dark photon. Furthermore, the light dark photon tends to favor
about 2¢ deviation for the (negatively pulled) old Aa,|,y in
Eq. (17), while the present ALP favors the positive value of Aa,.
Hence future experiments on determining the sign of Aa, can
also distinguish the two particles.

asymmetries of 7 — py and 7 — ey processes. As we
discussed in the last section, the L — R symmetry is
significantly and maximally broken by the right-
handed rotation due to the MFV criterion, and highly
polarized to right-handed, as evident from Eq. (60).
In contrast, the LFV Z' is vertorlikely coupled to tau
lepton and muon, so no L — R asymmetry is created
there. Thus the 4, in 7 — u(e)y is the definite
discriminator of the present MFV ALP from the
light LFV Z'.

(i) Second, in a recent paper [83], the authors focus on
a light ALP having a high enough detection
sensitivity at Belle II, through LFV and multilepton
signals. Two parallel benchmark scenarios have
been investigated in [83], where c,, and c,, or
Cyu and ¢, are turned on, respectively. There are
two possible discriminators to tell the present MFV
ALP from theirs. One is 4,, because the flavor
couplings in their setup are totally independent with
each other, not constrained by the MFV, so the
parity violation is parametric, therefore no definite
value of 4, has been predicted in [83]. In contrast,
the present MFV ALP is definitely right-handed
specific for muon and electron, where the parity is
broken only by the right-handed rotation in the
framework of the MFV, as emphasized in the pre-
vious section. The other discriminator is the tri-
lepton signal where tau decays into three charged
leptons. Since the ALP in [83] keeps the flavor-
diagonal couplings to muon and electron, the
trilepton process is possible to take place. In
contrast, the present ALP is tau-specific, and has
no flavor-diagonal coupling to muon and electron,
as seen from Eq. (47), so the trilepton signals are
not produced.

VI. SUMMARY AND DISCUSSION

In summary, we have discussed flavor-physics probes of
an intrinsically flavorful ALP (MFV-ALP), with particular
focus on a third-generation specific scenario, which gen-
erates the tau-lepton LFV processes, to be tested at the
Belle II experiment. The ALP is assumed to be tau-philic
on the base where the PQ-like charge is defined, inspired by
some folklore; “the third-generation is special’, and is
allowed to also couple to muon and electron by the intrinsic
MFV arising from the right-handed flavor rotation within
the SM. Thus, the ALP couplings to muon and electron are
right-handed specific.

We first employed two simplified and separated limits:
the electron scenario (Sec. IVA) and muon scenario
(Sec. IV B), as in Table II. We found that those scenarios
are highly constrained by existing experimental limits from
the LFV processes, in particular, 7 — e(u)y, and electron or
muon g — 2, so that the mixing angle 85 or 8,5 is required
to extremely be close to z/2. This implies the preference of
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a mu or electron-tau flipped feature in the mass eigenbasis
when coupled to the ALP.

We then explored a hybrid scenario combining the two
separated scenarios by turning on both 65 and 6,5. A fully
viable parameter space on the ALP mass-photon coupling
plane was found. See Fig. 4. The ALP mass is limited in a
range, ~(1.7-10) GeV and the ALP decay constant f, is
constrained to be ~(12.8-67.9) GeV [Eq. (III)], if the
same-sign multilepton signals constraint is disregarded.
Remarkably, this ALP can be probed only by measurement
of 7 — uy and/or 7 — ey at Belle II.

We find that the same-sign multilepton signal at Belle II is
a smoking-gun to probe the present ALP and the polarization
asymmetry in 7 — uy and/or 7 — ey is a punchline, which is
definitely predicted to prefer the right-handed polarization
due to the MFV [1, =1 Eq. (60)], overwhelming the
prediction of the SM with massive Dirac neutrinos having
the highly left-handed preference (3™ ~ —1), in contrast to
other light NP candidates which can also be promising to be
probed at the Belle II, such as a light LFV Z’ and another
flavorful ALP.

Several comments and discussions along the future
prospect are in order.

(i) The coupling g,, defined in Eq. (48) includes
contribution from both bottom quark loops and
tau lepton loops, because in the present study we
have focused on a bottom-tau specific ALP.
However, even if other quarks are involved in
the model by invoking other scenarios, the sur-
viving parameter space (blue-shaded area in the
center of Fig. 4) will not substantially be
changed, because the quark contributions are
not constrained by all the leptonic processes.
Other quark contributions will merely increase
the value of g,,,, without changing the allowed
ALP mass and decay constant in Eq. (III). There-
fore, the blue shaded area in Fig. 4 will be just
pushed upward, if other quarks come into the
game. It would then be interesting to see how
the surviving parameter space could get into the
upper domain filled by the future Belle II pros-
pect reach (at 50 ab™!), which is to be explored
elsewhere.

(i) In cases of electron and muon scenarios, the
ALP-quark coupling is necessary to keep g,,, to be
sizable, since the ALP-lepton coupling almost van-
ishes to satisfy experimental constraints.’ Namely, the
ALP-bottom quark coupling would lead to other
probes for this third-generation specific scenario.
For instance, b - d and b — s transitions can be
induced dependent on the mixing angles, which

’Even in the hybrid case, the ALP-bottom quark coupling
possibly takes nonzero without conflicting with the experimental
constraints on g, .

would give us some interesting predictions on B

flavor physics. We, however, decline to discuss such

possibilities, since it is be?/ond the current scope, and

postpone it to elsewhere. 0

(iii) Possible modeling to underlie the current third-
generation specific ALP

(i) The present third-generation-philic ALP can be
realized in a way similar to a class of variant
QCD axion model with top-specific axion,
based on a generic two Higgs doublet model,
as discussed in Ref. [87]. In the reference the
authors have also argued possible extension to
give tau lepton the PQ charge, as well as top
quark. As noted above, the bottom quark in the
present ALP physics does not play a central
role, and may even be replaced with top quark,
as far as the lepton flavor physics is concerned.
Therefore, the model setup in Ref. [87] would
straightforwardly lead to the present tau-spe-
cific ALP model. More precisely, to make the
ALP mass much larger than a typical QCD
axion mass scale, one needs to take the scale of
a mass mixing term between two Higgs dou-
blets, which explicitly breaks the PQ symmetry,
to be somewhat large, and assume no CP
violation in the Higgs sector, and/or the second
Higgs boson to be extremely heavy, so that only
the ALP is left in the light NP, without extra CP
or parity violation.

(i) The present ALP setup can also be naturally
obtained when we consider the Froggatt-
Nielsen (FN) mechanism [88].11 This mecha-
nism can be used for realizing correct hierar-
chies of Yukawa couplings. In order to obtain
appropriate SM fermion masses and CKM
structure, Yukawa couplings (Y, for the up-
quark sector; Y, for the down-quark sector; Y,
for the charged lepton sector) should roughly
have the following texture form:

/16 /15 13 16 /15.5 /15
Y~ | 2 2% 22, Yy~ | 20 2% 2
)43 /12 1 13 )42.5 /12
YRRV ERV A
Ye ~ /15.5 /14.5 /12.5 , (6 1)
»oor 2

""The flavor probes of ALPs with generic flavorful coupling
are discussed in several articles [52,85,86].

'The relationship between the PQ symmetry and a newly
introduced global U(1) symmetry for the FN mechanism has
been addressed in Refs. [48,49,89-92]. See e.g., Refs. [93-101]
for recent attempts.
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where A ~(.22. This can be easily obtained
when we assume an anomalous U(1) charge
assigned for SM pzaurticles12 as follows:

0;:(3,2,0),
L;:(3.25.2),

u;:(3,2,0),
e%;:(3.2,0),

d5;:(3.2.5.2),
H:0, (62)

where Q; and L; are quark and lepton doublets,
respectively; i denotes the generation index; the
upper script ¢ attached on fields stands for the
charge conjugation; H denotes the Higgs dou-
blet.

In order to write down the Yukawa couplings,
we need to introduce a new scalar field, ©,
which is singlet under SM gauge symmetries
and has the anomalous U(1) charge —1. Once ©®
acquires the vacuum expectation value like
(®) = AA, where A is some cutoff scale, one
can reproduce the hierarchical Yukawa struc-
ture in Eq. (61).

In this framework, the ALP-fermion couplings
follow the same hierarchies as in Eq. (61), which,
therefore, automatically leads to the third-
generation-specific ALP. When we assume the
ALP to have the anomalous U(1) charge —2,
only ALP couplings to bottom and tau lepton
arise as O(1), and the other couplings are smaller

"The gauge anomaly associated with this new U(1)
gauge symmetry can be canceled by the Green-Schwarz
mechanism [102].

than 4% ~ 0.05." Thus, the presently analyzed
ALP coupling properties can be thought of as an
extreme limit of those arising from this FN
modeling. We have indeed checked that if we
turn on the other ALP-fermion couplings with
proper sizes as predicted from the FN mecha-
nism, the results present in the main text will not
substantially be changed.14

ACKNOWLEDGMENTS

We thank Motoi Endo, Syuhei Iguro, and Robert Ziegler
for useful comments and discussions. S. M.’s work was
supported in part by the National Science Foundation of
China (NSFC) under Grants No. 11747308, No. 11975108,
No. 12047569 and the Seeds Funding of Jilin University. The
work of C. C. has been partially supported by the Tang-Ao
Qing (TAQ) honors program in science from the Office of
Undergraduate Education and College of Physics in Jilin
University.

“In the case of nonsupersymmetric models, the ALP-top
coupling in this framework is obtained from

\ 2
(%) mya(tyst) = A*m,a(iyst). (63)
In contrast, such terms are absent in supersymmetric models since
we cannot use ® in the superpotential.

' Actually, nonzero couplings of Q, and Q ,induceac,, coupling
in the case of the hybrid scenario, which is severely constrained by
LFV processes related to the muon. However, these constraints can
be easily avoided by setting 6,5 ~ 0. Even in this case, the main
results of the present paper will not essentially be changed.
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