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Abstract: Motivated by the gradual increase in experimental data, we revisit the couplings of axion-like particle
(ALP) to electroweak gauge bosons across the ALP mass range from MeV to 100 GeV. We extend both current and
projected experimental limits on these couplings, including the ALP couplings with #W-boson g,w and hypercharge
B-boson g,p. To clarify the contributions from electroweak boson couplings, we analyze and compare the resulting
effects for various values of g,w and g,p. The couplings induce flavor-conserving ALP interactions with standard
model fermions at the one-loop level, while g, additionally results in flavor-changing ALP-quark couplings. These
phenomena warrant further investigation through rare meson decays and neutral meson mixing processes, particu-
larly in light of recent results from B* — K*vv and K™ — ntvv. We find that the rare two-body decays of pseudo-
scalar mesons offer the most sensitive probes below the kinematic threshold. In the high-mass region, complement-
ary bounds arise from Pb-Pb collision and Z-boson measurements, including the invisible decay Z — ay with sub-
sequent ALP decays and constraints from oblique parameters (S, 7, U). Future lepton colliders, such as CEPC and
FCC-ee operating at the Z-pole, along with the search for hidden particles, provide further opportunities to probe

ALP couplings to electroweak gauge bosons.
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I. INTRODUCTION

Probing new pseudoscalar particles with masses be-
low the electroweak scale predicted in some well-motiv-
ated extensions of the standard model (SM) plays an im-
portant role in particle physics. A notable example is ax-
ion-like particles (ALP), which are an extension of ori-
ginal quantum chromodynamics (QCD) axions from the
spontaneous breaking of Peccei-Quinn symmetry [1-6].
As a generalization, ALP can be realized in a variety of
new physics scenarios with a significantly larger paramet-
er space, see [7—10] for a review. This enables a rich phe-
nomenology, investigated in both low-energy [11—14]
and high-energy experiments [15—17]. In addition, many
new experiments are conducted, including IBS-CAPP
MAX [18], oscillating resonant group axion (ORGAN)
[19], any light particle search II (ALPS II) [20], CERN
axion solar telescope (CAST) [21], and NEON [22].

In recent years, increasingly precise predictions
[23—36] and experimental observations [37] for meson
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flavor-changing neutral current (FCNC) decays have re-
vealed several notable discrepancies. For example, Belle-
Il uses an integrated luminosity 362 fb' to measure
Br(B* — K*vv) =23 +5%3, which exceeds the SM predic-
tion by 2.70 significance [38]. Similarly, the NA62 col-
laboration [39, 40] reported precise measurements of the
branching ratio Br(K* — n*vv), significantly improving
on the previous results from the E949 experiment [41].
Owing to the presence of invisible final-state neutrinos,
these decay signals can be mimicked by ALP, which
would appear as missing-energy events. Table 2 summar-
izes recent results and refined experimental upper limits
for meson decays from various experiments, which mo-
tivate us to update and extend previous analyses on
meson FCNC processes involving an ALP. Several mech-
anisms have been proposed to construct flavor-changing
ALP interactions [42—50]. ALP interactions with W* bo-
sons can induce FCNC processes at one loop level [44],
which constitutes the primary focus of this work.

In this paper, we provide an updated and extended

* Supported by IBS under the project code, (IBS-R018-D1) and NSFC (12375088, 12335003, 12405113)

T E-mail: sunjin0810@jibs.re.kr
¥ E-mail: zpxing@nnu.edu.cn(Corresponding author)
$ E-mail: seokhoon.yun@ibs.re.kr

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must main-

tain attribution to the author(s) and the title of the work, journal citation and DOI. Article funded by SCOAP? and published under licence by Chinese Physical Society
and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Pub-

lishing Ltd

113109-1


http://orcid.org/0000-0002-8763-5804
http://orcid.org/0000-0003-4216-2246

Jin Sun, Zhi-Peng Xing, Seokhoon Yun

Chin. Phys. C 49, 113109 (2025)

analysis on the experimental limits of ALP couplings to
electroweak gauge bosons across the ALP mass range
from MeV to 100 GeV. As mentioned, the ALP-W=
couplings can induce flavor-changing ALP-quark interac-
tions ¢; —q; —a at the one-loop level. Associated physical
processes such as rare meson decays and neutral meson
mixing are analyzed to determine excluded regions in the
ALP parameter space with state-of-the-art SM predic-
tions and new experimental data. Pb-Pb collisions also
provide constraints in the ALP mass range m, € [5,100]
GeV. In addition, these couplings affect Z-boson preci-
sion measurements, including I';, Z— ya with sub-
sequent decays, and the oblique parameters (S, 7, U).
Moreover, we analyze future experimental sensitivities
from lepton colliders (e.g., CEPC and FCC-ee) operating
at the Z-pole and the proposed search for hidden particles
(SHiP) experiment. To provide a comprehensive basis for
comparison, we consider four distinctive scenarios from
two independent ALP couplings, namely the ALP-SU(2),
gauge boson coupling g,y and the ALP-hypercharge
gauge boson coupling g.5.

® ¢, =0: suppress ALP-photon interaction by can-
cellation between g,y and gz, called photophobic ALP

[51];
® 2. = 0: turn off the coupling with U(1)y field;

® o.p+g.,v>0: the same sign to enhance the ALP-
photon coupling;

® ¢, = 0: turn off the coupling with SU(2), field.

The rest of this paper is organized as follows. In Sec-
tion II, we discuss low energy effective couplings of an
ALP induced from the ALP couplings to electroweak
gauge bosons at an ultraviolet (UV) scale. Section III
presents a comprehensive list of phenomenological ob-
servables relevant for probing the ALP couplings to elec-
troweak gauge bosons. In Section IV, we discuss our res-
ults on current and future experimental limits on the
ALP-electroweak gauge boson couplings. Finally, in Sec-
tion V, we present our conclusions.

II. ALP INTERACTIONS WITH ELECTROWEAK
GAUGE BOSONS

The general ALP couplings with gauge bosons are
written as

ga a Yyrauv ga DUV
LEWZ— 4WaW”VW” —TBaB,NB“ s (1)

where a=1,2,3 represents the SU(2) index, and W*” (B*)
represents SU(2), (U(1)y) gauge bosons. W+ (B*) are the

dual field strength tensors. After symmetry breaking, the
fields W and B are transformed into the physical fields y
and Z,

Bﬂ = CWA,u —SWzH s W; = SwA”"r‘CWz . (2)

where cy = cosfy and sy =sinfy with 0y are the weak
Weinberg mixing angle. By adopting the above trans-
formation in Eq. (1), the ALP-gauge boson interactions
can be written as

a g 4 Fuv
- Z(gany;tvF'u +gayZFuVZ#V+gaZZZyVZ#

+gaWWW;VW+#V) ) 3)

where F,,, W,, and Z, represent the field strength
tensors of the photon, W*, and Z bosons, respectively.
Furthermore, the coupling coefficients can be expressed

in terms of g,y and g,z

2 2
8ayy = 8aw Sy + 8aBCy s &ayz = 2Cw Sw(gaw — &aB) »

8azz = gaWC%v +gaBS%v . (4)

In addition, the ALP-W#* couplings induce the follow-
ing interaction vertex

_igaWpWapW[i’f#mﬁaWva > )

where py, and py; represent the four momentum of the
W bosons. The a-W-W interaction can contribute to the
flavor-changing down-quark interaction as shown in
Fig. 1.

Additionally, the SM charged vector-current interac-
tion mediated by W* bosons are expressed by

dp
LW = —%(ﬁL,EL,[_L)'}’#VCKM ZL W; +H.C., (6)
L

where g represents the gauge coupling constant of the
SU(2); gauge group. In addition, the subscript L repres-
ents the projection on the left. Furthermore, the Cabibbo-
Kobayashi-Maskawa (CKM) mixing matrix Vcgy is para-
meterized by three rotation angles and one phase

—io

C12C13 §12€C13 §13€
ic . ic
—812C23 — C12523513€ C12€23 — §12523513€ $23C13
i6 i6
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ug(k) d;j(py)

(color online) Flavor-changing a—d;—d; interaction

d;(p;)
Fig. 1.
(i# j). The symbols in brackets represent the corresponding
momentum.

where the corresponding values are shown in Table 1.
By combing the interactions in Egs. (5) and (6), we
can write down the amplitude in Fig. 1 as

. & ki ke
M = —8aW <~ 2 VéKM (,;{(M/(Z )4 /‘)/ak/ mk)y,BPLut

o (k—p)y(k—p)),e”F
(k> =m})((k—p;)> —m3)((k—p:)> —m3,)

®)

where i # j implies flavor-changing interactions. At first
glance, the amplitude should be UV divergent when ana-
lyzing the loop integral. After dimensional regularization,
the divergent term should be proportional to

. 11(2-d/2)
v =gaw'y VCKMV&M B2

X [(pi)vgm/ + (pf),ugvy]fﬂvaﬂ7 (9)

j’}’(ﬁ’ 'yﬁPLul

where d =4 — €. This divergence should be eliminated by
the renormalization. Before the renormalization, we ana-
lyze the structure of the divergent terms. We find that the
divergence term is independent of quark mass. When
summing over up-type quarks (u, ¢, ), we naturally ob-
tain the CKM matrix as

ui U, ]* C]* t/*

Vekm Vekm + VgKM Vekm + VgKM ckm = 0. (10)

This shows that the divergences disappear because of the
unitarity of the CKM matrix when we consider all three
generation up-type quarks in the propagator.

By ignoring the quark masses of the initial and final
states and using €y, y,y; = 6iy*y°, the finite term with
iip,Pru; can be obtained approximately as

1 X
6
2 dx/ dy——log(l—-y+21
/0 | y4(4ﬂ)2 g(l-y+ay)
/l(l—/l+/110g/l))

(1-2?

3
= 4@y <_ " (b

where A = m}/m?,. Note that the first term (—1) also disap-
pears owing to CKM unitarity. Therefore, by combining

Table 1. Relevant parameters and input numbers.
parameters input/GeV parameters input numbers
mz 91 Gr 1.1664 x 107> GeV™?
my 80 52, 0.23129
my 173 g, 65.81x 1010571
mp 4.183 [p+ 1/1638x 1015571
me 1.2730 I'go 1/1517x 1015571
me 0.511x1073 Tg+ 1/1.2380x 108571
ny 0.10566 Ik 1/5.116x 10357
e 1.777
mp, 5.36693 sinfy, 0.22501
mp+ 5.27941 sinfy3 0.003732
mpo 5.27972 sinfy3 0.04183
mg+ 0.493677 s 1.147
mg, 0.497611
Mg+ 0.13957 fx VBx 0.132GeV
my0 0.1349768 /8, VBa 225MeV
mpo 0.770 18, VBs 274 MeV
meg 1.020

the corresponding coefficients, we obtain an effective in-
teraction [42]

Ld,‘—»d’ D —gad,d‘((') a)ci,«y”PLdi +H.C.,

3\/_ 2Grm3, 8,
Sudt = =3 D ValVosf i i),
acgu,c,t
x[1+ x(logx—1)]
foo= 10087 (12)

(I-x)? ’

where Gp=1.1664x107 GeV? represents the Fermi
constant. V;; represents the relevant CKM matrix. Note
that for x < 1, we obtain

linolf(x):x. (13)

The interaction is proportional to m? /m3, for m, << my.

Therefore, for the above flavor-changing couplings,
the result is finite and only depends on the IR value of the
effective coupling. Although the individual diagrams in
Fig. 1 are UV divergent, the divergences cancel out when
intermediate up-type quark flavors u,are summed up.
This interesting feature can be attributed to two points:
the unitarity of the CKM matrix and the quark-mass inde-
pendent divergences. This is in contrast with models pos-
sessing a direct ALP-quark coupling, wherein the FCNC
rate is sensitive to UV completion [42, 52].

By further using the equation of motion, the above ef-
fective interaction for the on-shell fermions can be con-
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verted into

Lioa; = i8ada,adj(my, Py — my Pr)d; + H.c.. (14)

This form shows that the main interactions should be RH
chiral quark structures because of my, >>my;,.

III. PHENOMENOLOGICAL ANALYSIS

The above flavor-changing quark interaction induced
by a-W-W coupling contributes to different observables.
In this part, we drive the experimental constraints on the
coupling g.,w and ALP mass m,, and we discuss possible
ALP explanations for the experimental anomalies.

A. Meson FCNC decay

The above quark couplings a—d;—d; will mediate
FCNC rare decays of heavy-flavor mesons at the tree
level. The rare mesons that decay into mono-energetic fi-
nal state mesons and on-shell ALPs, M, — M,a, are the
most sensitive probes of flavor-violating ALP couplings.
This indicates that relevant interactions are constrained
by the corresponding physical processes as shown in Ta-
ble 2.

We exclusively focus on the bounds derived on the
flavor-changing ALP couplings. For estimating the trans-
ition matrix element of meson rare decays, we take the B
meson as an example with the form factors as [74, 75]

2 _ 2
(P(p)gh|B(pp)) = ('}:‘f — Z” )fo”(q2>,
b q
—i2mye* -
VIR = = FE Ak, (15)
q

where P and V correspond to pseudo-scalar and vector
state mesons, respectively. For the decay B — K*a , the
K* meson actually only has longitudinal polarization con-
tribution because the ALP is a pseudoscalar particle. For
the kaon rare decays, we can estimate its amplitude un-
der the vertor current conserved assumption [44]. Note
that the matrix element for K° — n% is related to K* —
n*a by isospin symmetry. Therefore, the matrix element
for the K;(Ks) mass eigenstate is obtained by taking the
imaginary (real) part of the K* — n*a matrix element
[76]. Therefore, the corresponding decays for B and K
mesons are expressed by

3 2\ 2
I'(B* - n*a) = %|gahd|2 ‘foB_"T (m2) |2 (1 - m—;)

y w(% ﬂ)
mB’mB ’

3 2\’
[(B" — n*a) = %Qahdlz ’foBH” (mz) |2 ( B %)
B

21" <”L ”’L) ,
mg mg

_ 1
T (BO — noa) = El" (B_ — ﬂ"a) s
F(B — Ka) = 5 g (1 ’”%()2|f3*’(( )P
a) = ——|gus -— m
647 Eab m3 0 a

mg m
(e
mp np

) m; mg- My,
[(B— K'a) = — g lAom>)P 32 (—" —) ,
64r

9
mpg nipg

m3 + m2+ :
[(K* > nta)= X <1 - ) |gasal”
64 %6

< A1 <m7" ﬂ)

9
Mg+ Mg+

m " 2
[(K, — n’a) = < f; 1- mg” Im(g.,0)*
KL

A1 <@ ﬂ) (16)

9
mg, Mg,

where A(x,y)=[1-(x+y)?][1-(x—y)*]. Note that the
factor 1/2 in I'(B° — n%a) comes from the quark compon-
ents 7° = (i +dd)/ V2. The other decay processes can be
obtained by the corresponding transformations on the
masses and form factors. Using light-cone sum rules [74,
75], the corresponding expressions are

Ay~ mg) = 1—n1;(6gzs>2 ’ 1—_”(1);3278 ’
Ay (m3) = 1—;;257.282 * 1—2;3%;).36 ’
AgT ) = —233/15().282 i —_ni?;f 57
o) = #/538381 ,
5K (1y2) = 1_21;/3307% . 17)

Note that the above forms fix the axion mass unit
with m,/GeV. In all cases, these couplings are renormal-
ized at the scale of the measurement; however, the flavor-
changing ALP couplings do not run below the weak
scale, and therefore it is equivalent to using couplings
renormalized at the weak scale. In addition, we expect
that the subprocesses of the type B~ — n~a via ALP-pion
mixing make subdominant contributions to the B~ — n~
rate. The assumtions can be applied into other meson de-
cays.

We should stress that the NP effects in the K+ and K,
decay are highly correlated by the Grossman-Nir bound
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Table 2. SM predictions and experimental measurements of meson decays. Upper limits are all given at 90% confidence level (CL).
+ denotes the contribution is obtained by subtracting the tree-level effect from B* — 7+(— K**#)v, [(10.86 % 1.43) — (1.07 +0.10)] x 107°.

quark transition

Observable

SM prediction (x1076)

Experimental data (x107%)

Br(K* — ntvv)
Br(K; — 7%v¥)

Br(K™ — ntee)

(8.42+0.61)x 1075 [53]

(3.41+£0.45)x 1075 [53]
0.3+0.03 [55]

(13.013:3)x 1075 (NA62 [39, 40])

<3x 1073 (KOTO [54])
0.3+0.009(NA48 [37])

o Br(K* — m* ) (9.4+0.6)x 1072 [55] (9.17 £0.14) x 102 (NA62 [37])
Br(Ky, — nlee) (3.38+0.92)x 1075 [56] <2.8x10~*(KTEV [57])
Br(Ky, — mup) (1.39+£0.27)x 1075 [56] <3.8x107*(KTEV [58])
Br(B* — 1 v¥) 0.140£0.018 [53] < 14(Belle 1 [59])
Br(B — n%¥) 0.0652 +0.0085 [53] < 9(Belle II [59])
Br(B* — p*v¥) 0.406 +0.079 [53] <30(Belle 11 [59])
Br(B® — pOv¥) 0.189+0.036 [53] < 40(Belle 11 [59])
Br(B* — n*ee) (1.95+0.61)x 1072 [60] <5.4%1072(Belle-I1 [61])
b d Br(B? — n'ee) (0.91+0.34)x 1072 [60] <7.9%1072(Belle-1I [61])
Br(B* — p*ee) 0(0.02) [37] <0.467(Belle-11 [61])
Br(B* — 7t up) (1.95+£0.61)x 1072 [60] (1.78 £0.23) x 10~2(LHCb [37])
Br(B® - n%up) (0.91£0.34)x 1072 [60] <5.9x1072(Belle-I1 [61])
Br(B* — p*uu) 0(0.02) [37] <0.381(Belle 11 [61])
Br(B — ) (1.03£0.05)x 10~ [62] < 1.5x1074(CMS [63])
Br(B — 17) 0.03 [64] < 2100(CMS [63])
Br(B* — K*vv) (4.97+0.37) (HPQCDI[65]) 23+ 5% (Belle I [38])
Br(B” — K¥) 3.85+0.52 [53] < 26(Belle [66])
Br(B* — K**v¥) 9.79 + 1.43* [67] < 61(Belle [66])
Br(B® — K*0y7) 9.05+1.37 [67] < 18(Belle [66])
Br(B; — ¢v¥) 9.93+0.72 [53] < 5400(LEP DELPHI [68])
Br(B* — K*ee) 0.191+0.015 [56] 0.56 +0.06(Belle [37])
Br(B® — K%e¢) 0.51+0.16 [60] 0.25+0.11(Belle [37])
b—s Br(B — K*ee) 0.239+0.028 [56] 1.42 +0.49(Belle-1I [69])
Br(B* — K*uy) 0.191+0.015 [56] 0.1242 +0.0068 (CMS [70])
Br(B® — K%uu) 0.51+0.16 [60] 0.339+0.035(Belle [37])
Br(B — K*up) 0.239+0.028 [56] 1.19+0.32(Belle-11 [69])
Br(B;s — ¢up) (0.27+£0.025) [56] 0.814+0.047(LHCb [71])
Br(B* — K*17) 0.12+0.032 [60] < 2250(BaBar [72])
Br(Bs — ) (3.78£0.15)x 1073 [56] (3.34+0.27) x 1073 (CMS [63])
Br(B; — 17) 0.8 [64] < 6800(LHCb [73])
[77] with flavor-conserving coupling to fermions £ > g,rrd,aFX

BR(K* — ntvv)

B. Semi- and pure- leptonic meson decays

BR(K; — n°v¥) 43

Yy F [51] as

Although ALPs do not interact with fermions at the

UV scale, the one-loop renormalization group evolution
from the UV scale A down to the weak scale induces the

(18)
_ 3% | 3 gaw (Y2, + Y7, gas ] A
8aFF 4 CA“V g,z m%V
3 ,a mi,
+50r—8ayylog —, (19)
25 45T
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where Yr, , represent the hypercharges of the chiral fer-
mion F fields, and sy =sinfy and cy =cosfy. In our
study, we choose A = 10 TeV.

The above forms g,, in Eq. (4), which arises from
the tree level contribution. The loop corrections also con-
tribute to the coupling given by

4m?
8arrBi <72F) ., (20)
m(l

loop 2 FN2
gayy 8aw (4mW) Nc QF
- ()5

e 2 m2 212
with the form of the functions given by

Bi(x) = 1-xg(x)’,  By(x)=1—(x~1)gxy,

1
arcsin — for x>1
VX 1)
gx) = ,
7r+i1 1+ VI—x f <1
- — 10 —————— or X
2 2% T

where NF =1(3) represents the charged leptons (quarks).
Therefore, the total ALP couplings with photons should
consider the tree and loop level contributions simultan-
cously, g5, = 8uyy + Sy -

Correspondingly, the decay widths are obtained by

Total = ZF(a — FF)+T(a — hadrons) +I'(a — vyy),
F
- NI 4m\ "2
F(aaFF):émam%ggFF<l— :;;) ,

a

(22)

2

I, 83 a;
I'(a — hadrons) = %axma (1 + Z;) q}udsgaqq )
4 2 2
a_b_0\ _ T MMy [ 8auu — 8add m;
Hammmm) = p o g(m*)

a

3
My | eff 2
18ayy|” >

64r

I'la — yy) =
(23)

where the fermion F represents the charged leptons e,u, T
and heavy quarks c,b,t. Note that the decay channel
a — 3n only applies for m, >3m,. The ALP decay into
three pion final states can be derived using the effective
chiral Lagrangian, wherein the degrees of freedom asso-
ciated with light quark masses are integrated out. There-
fore, these decay widths are not affected by the light
quark mass. f; =0.13 GeV is the pion meson decay con-
stant. For m, > 1 GeV, the a — 37 channel will be ab-
sorbed into the @ — hadrons one. The corresponding

functions are defined by

2 U 4r
goo(r)=72/ dz  1-—2"2(\z, V),
dA=r?Ju z

12 [0 4r
(N=—= dz 1-—
O, 1

X (z=r)’ A2 (Vz, V). (24)

Furthermore, the branching ratios for the corresponding
decay chains can be determined. Notably, the total decay
width I plays a critical role in determining whether the
ALP decays within the experimental detector.

If ALP can decay into the above SM particles within
the length of the detector, we should consider the ALP
decay probability defined as

M
4. = 1 —exp (—{’DFa p“) , (25)

a

where ¢p represents the transverse radius size of the de-
tector, with 2.5, 1.5, 1.8, 1, 2, 4, 7.5, 6, and 5 m for NA62
and KOTO, BaBar, NA48, KTeV, Belle, Belle-II, CMS,
LEP, and LHCDb, respectively.

Therefore, the branching ratios of the subsequent
semi-leptonic decays are

Br(M, — M,ll) = Br(M, — M,a)Br(a — I)Pg... (26)

The experimental data can constrain the model paramet-
ers for the decay a— Il if it occurs kinematically,
m, > 2my.

In addition to the aforementioned semi-leptonic de-
cays, pure leptonic decays can serve as sensitive probes
of flavor-changing ALP couplings. Accounting for their
interference, we find that the ALP contribution modifies
the branching ratios [9]

Br(B,,; — )
R(B, )= ———d "7
B = BB, S Iew

2
8all T V§ M 8abs.abd (27)

=1- s
CM () () 1 —mg/mém ViV

where C3)(my,) ~ —4.2 represents the wilson coefficient of
the operator Oy = 5.y,b.ly"ys¢ [78]. We choose the
strongest bounds from muons, as shown in Table 2.

C. Neutral-meson mixing

The meson mixing AF =2 can also place bounds on
the model parameters. Neutral meson mixing is governed
by the off-diagonal entries of the two-state Hamiltonian
A = M —il"/2, where the Hermitian 2 x 2 matrices M and
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[" describe the off-shell and on-shell transitions, respect-
ively. The effective Hamiltonian HY,_, receives contribu-
tions from both the SM and NP effects, with the mixing
amplitude defined as

1 _
La=q g1 = M= T(qu—{eﬂ‘lp>
np

1
= —27<P|51F1Q26_]1F2612|P> ) (28)
mp

where ¢, =ds,db,sb correspond to the mixing of
K°-K°, B,-B,, and B, - B,, respectively. In addition,
I, , represents the different interaction structure combina-
tions. When considering the specific meson-mixing sys-
tem, the mass differences for the K, B,, and B, are

Amg =2R(MEK), Amg, =2|MP, (29)

Note that for the K — K mixing system, we need to modi-
fy the absolute value as the real part.

The hadronic matrix elements of the relevant operat-
ors can then be written in terms of hadronic parameters

Bp(p) as
1 =
m—P<P|q1r1qqur2q2|P> = fpmpn(WBp(),  (30)

where the decay constant of the f, meson and the bag
parameter Bp refer to [79, 80] the numbers shown in Ta-
ble 1. The meson P(Hg) is composed of one heavy quark
H and one light antiquark g.

The above interaction in Eq. (12) can naturally lead to
the four-fermion operators. By adopting the notations in
Ref. [81], the relevant two effector operators are ex-
pressed as

7‘(eff = 5201H)02 + 53(#11)03,
0,=3'H:g:H:y, O3 =g HLg HS . (31)

For the case of m, < m,, the Wilson coefficients are

m2 (up) N2A, —A_ 2

EZ(IJH) =- 2 (N2 1) ud/d/ >
: miy (i) Ne(A- ~ A.)
Esun) = ~— ==y Seaa, s (D)

where A, = 1/[(my +(mp—my))*>—m?], and N.=3 de-
notes the color numbers for quarks. The superscripts @,
indicate the corresponding color indices. The normaliza-
tion factors n(u) are conventionally obtained using the
naive vacuum insertion (VIA) approximation for the mat-
rix elements. Under the VIA condition, the above two op-

erators O, 3 lead to n(u) as follows:

-5 (-53) G )

2 2N,/ \my+m,/ ~°
1 ( 1 1) < mp >2

(=== . 33
2 N, 2 my +my, (33)

For the case m, > my, the relevant Wilson coeffi-
cients are replaced by

T]z(llH)

3(up) =

&(up) = (0.983772% +0.0177%7) &),
;,(/Ja)

CZ(/la) = (gadd ) 1= [a(s(/Ja)/a’s(/'tb)]w23 5 (34)

where we consider running effects from the axion mass
scale down to the scale m;,,.

These off-diagonal matrix elements are directly re-
lated to the experimentally measured quantities shown in
Table 3. We found that SM predictions on Amy are con-
sistent with experimental data within errors, and the un-
certainties from theoretical non-perturbative QCD effects
are larger than those of data.

The mass differences for the neutral meson mixing
system are

= |[Am3M —fpmpzcl(my)nl(mH)B (mp)l. (35

Therefore, the neutral meson mixing can provide the con-
straints for the ALP parameter regions.

D. ALP-Z boson interaction

For ALP couplings with electroweak gauge bosons,
the relevant interaction can be probed through the preci-
sion measurements of the properties of Z bosons.

First, we focus on the exotic Z-boson decay Z — ya
induced by Eq. (4) at the tree level. The decay rate can be
obtained as

3 m? 3
g p ( 1- ¢ ) . (36)
384 vz m%

Provided the Z boson total decay width I'; = 2.4955 GeV
[37], we obtain the branching ratios as

I'(Z - ya) =

3
S5 & 200 m
Br(Z—>ya)=2x103(Wylzo_3) <1_W) NEY))

z

At a 95% confidence level, the decay can be constrained
by the Z total decay width, which can be converted into
Br(Z — inv) <2x 1073, which can constrain the corres-
ponding model parameters m, and g,y. The most strin-
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Table 3.

SM prediction and experimental values of mass differences Amyp for AF =2 mixing.

Mixing modes SM prediction

Experimental data

K-K 47+1.8 (ns) " [82]
B;—By 0.547+0035 (ps)™ [83]
B, — By 18.23+0.63(ps) ' [83, 84]

5.293+£0.009(ns) " (PDG [37])
0.5065 +0.0019(ps)"'(PDG [37])

17.765 = 0.006(ps) ™ (PDG [37])

gent constraints arise from the L3 search in e*e™ colli-
sions at the Z resonance at LEP, where Br(Z — ya) <
1.1x 107 [85] for photon energies exceeding 31 GeV.

Furthermore, ALPs can have subsequent decays
a — yy,I"l", which produces decay chains [86, 87]

Br(Z — yee) < 5.2x107* (OPAL),
Br(Z — yuu) < 5.6x 107 (OPAL),
Br(Z — yr7) < 7.3%x 107* (OPAL),
Br(Z — yyy) <2.2x 107° (ATLAS). (38)

These processes can place the constraints for the model
parameters if kinematically allowed.

Additionally, the ALP couplings can affect -elec-
troweak precision observables at the loop level. The loop
corrections can be described in terms of the usual ob-
lique parameters S, T, and U [88] with the forms [89]

c%, 52
S =V owga [Fimy;a,y)— F(mb;a,2)|,
72n2m%g w8as |[F(mz;a,y)— F(my;a,Z)|

4 2
_ Sw8aw
72m2m3

F(miy,a,W)| .
(39)

2
2. Cw 2.

X |F(mz;a,y)+ — F(mz;a,2) — ——

Sw wlw

The function F(k*;a,V) is defined as

3k* Amy [k, my [k) X | Bo(k*; my, my) — Bo(0;mg, my)]
— 3% [(2m2 +2m3, — k*)Bo(0; 1, my)]
~ 3K [Ag(my) + Ao(my)|+ TR G2 +3m,— ) (40)

where the Ag(mo), Bo(p*;my,m;) represents the Passarino-
Veltman functions denoted explicitly as

m2
Ao(mg) = m (1—1nA—g),

A2
xm3+(1—x)m? —x(1-x)p*] -

(41)

1
Bo(Pz;mo,m1)=/ dxxln[
0

The current global fits for the oblique parameters are

§ =-0.04+0.10, 7=0.01%£0.12, and U =-0.01+0.09
[37]. We found that within 1o errors, these parameters
approach zero. The new-physics scale A denotes the ax-
ion breaking scale. By setting A = 10 TeV, S and U indic-
ate the corresponding bounds.

In view of the couplings g,z at the tree level, we can
consider the production of a photon in association with an
ALP in colliders. For the e*e™ colliders, the production
process proceeds via the Z propogator in the s-channel
with the differential cross-section as

do(e*e” — ya) 1 a?(s) , ( m> )3 5
- 1= (14 cos?0
dcosf 5127 a(my)” 5 ) (Lreosd)

X V()P +IAS)P]
(42)

where +/s represents the center-of-mass energy, and 6
represents the scattering angle of the photon relative to
the beam axis. Here, we neglect the electron mass. The
ALP emission from the initial-state leptons vanishes be-
cause of the loop-suppressed a—e—e interaction. The
vector and axial-vector form factors are given by

V()= Lo 45 Sz | 2ary
4swey s—my+imgl, )
1 a
A(s) = Sar? (43)

dsyew s—m%+imgly

Analyzing the vector coupling V(s), the first term is sup-
pressed by 1-4s%, so that we can reasonably ignore this
term. Additionally, it can have an enhanced effect when
s ~m3. By integrating the angle 6, we can obtain the
cross-section

2\ 3
2 2
my  8ayz eff \2
== + . 44
|:l—% 64C€VS%V (gayy) :| ( )

Note that the contribution in the case of the Z pole re-
ceives an enhancement factor m3/TZ ~ 1330. Therefore,
using the on-shell decays of narrow heavy SM particles
into the ALPs rather than the production of ALPs via an
on-shell particle provides a considerably enhanced sensit-
ivity to the ayZ coupling on the Z pole.
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For the ALP in our case, Higgs boson can decay into
Z bosons and ALPs, h — Za and h — aa. However, the
two decay processes are not induced by the Wilson coef-
ficients Cyyw and Cpp, and therefore we do not consider
the relevant processes.

IV. ALP PARAMETER BOUNDS

The ALP couplings with fermions and gauge bosons
depend on g,y and g, at the same time, which means
that both couplings will affect the phenomenology de-
scribed above. Therefore, we consider four different scen-
arios: the photophobic ALP, ALP with g,z = 0, same sign
ALP, and ALP with g,y =0. The first one turns off
8ayy =0 at the tree level by imposing the specific condi-
tion g,z = —g.wtan®6y to eliminate ALP-photon interac-
tion, whereas the third one adopts the same sign
gas = gawtan? @y to enhance ALP-photon interaction. The
remaining two require g,w.p = 0 directly.

In the following, we analyze the current experimental
bounds and future sensitivity for these four different
scenarios.

Br

a->yy

0.01r

s L L

0.010

L L L

0.100 1 10 100

(a)

m,(GeV)

a->yy

0.01F a->11

L L L

107 0.001 0.010

L h L

0.100 1 10 100

(c)

m,(GeV)

Fig. 2.

A. Photophobic ALP scenario g,,, =0

For the photophobic ALP scenario, the ALP coupling
with the photon at the tree level is eliminated by the con-
dition

8aB = —8aw tan’ Oy — 8ayy = 0,

8ayz = 2tanbygaw . 45)

In this case, the branching ratios for the correspond-
ing decay chains can be determined, as shown in Fig.
2(a). Note that the total branching fraction is less than
unity because we exclusively display the decay channels
(charged leptons and photons) pertinent to our sub-
sequent analysis. Other decay channels (hadronic final
states and heavy quarks ¢/b) contribute to the total decay
width (see Eq. (22)). Additionally, in the photophobic
scenario, the absence of tree ALP-photon coupling pre-
vents the photon channel from dominating, which is in
marked contrast to that in non-photophobic cases (Fig. 2).
We found that below m, < 2m,, the only decay channel is

Br

1 |-
a—>yy
0.01F a->11
107
100
1078
‘ I } ‘ ‘ | L m,(GeV)
107 0.001 0.010 0.100 1 10 100
(b)
Br
1 |-
a—>yy
0.01
a->T1T1
107
100
1078
‘ I } ‘ ‘ L m,(GeV)
107 0.001 0.010 0.100 1 10 100
(d)

(color online) ALP branching ratios decays into different SM final states. The decays into photons, electrons, muons, and

tauons are shown in magenta, blue, orange, and green, respectively. (a) Photobic ALP g, =0. (b) ALP with g,z =0. (c) Same sign

case gqp = gawtan By . (d) ALP with g, = 0.
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a — 2vy. In addition, the photon channels dominate the de-
cay chains for 0.01 <m, <2m, GeV and m,>25 GeV
again, even if they are doubly suppressed by m>. When
the ALP mass approaches the double charged leptons, the
dominant decay processes convert into the corresponding
leptons, with an order of magnitude proportional to the
ALP mass m,. Furthermore, the branching ratios into
charged leptons (e,u) decrease with an increase in the
ALP mass, significantly influencing the shape of the
parameter space contours. This indicates that subsequent
ALP decays M; — M,a(— Il,2y) can provide constraints
on the model parameters, as summarized in Table 2.

By inputting the photophobic form in Eq. (45) into
the above phenomenological physical processes and com-
paring it to the experimental observables in Table 2, we
can obtain the corresponding exclusion parameter re-
gions for m, and g,y. The parameter bounds are plotted
in Fig. 3(a). Here, we choose the ALP mass regions with
1004 <m, <100 GeV. The Ilower bound indicates
m, <2m,,and the upper bound represents the elec-
troweak scale.

We found that different physical processes exhibit
distinctive exclusion abilities, as shown in different col-
ors. For three different quark transitions, s —»d, b —d,
and b — s, different decays demonstrate distinct exclu-
sion capabilities. Note that the physical processes
M, — M,vv should include the decay factor (1-%4..) to
place the parameter constraints when ALP decays out-
side the detector.

For the s —d quark transition, the most stringent
bound comes from K* — 7*a with g,y > 107>* GeV ™' in
the mass region m, < mg+ —mg+, which is stronger than
K; — n%a by an order of magnitude. This implies that the
NAG62 experiment provides a comparable exclusive limit
to the previous E949 experiment. The gap around
m, € (100,150) MeV is caused by the pion mass pole
from the NA62 Collaboration [39]. Additionally, the GN
bound provides stronger constraints, especially in the
mass gap region and for large g,y shown in the blue
dashed line. It approaches g,w ~ 10~ GeV™', providing
considerably stronger constraints than K; — 7ma, but
weaker constraints than K* — n*a.

For the b — d quark transition, B — na provides the
most stringent bounds with g,y <1073* GeV™!' for
m, < 0.16 GeV. Correspondingly, the bound weakens as
follows: B* — p*a with g,y < 10732 GeV'!, B, — ¢a with
gaw <107 GeV™', and B° — pa with g,y <1028GeV .
Additionally, large couplings with g,y > 1072° results in a
loss of distinguishable capability for b — d processes.

For the b — s quark transition, B® — K%a provides
the most stringent bounds with g,y <102 GeV™' for
m, <4.5 GeV. The limiting capability decreases sequen-
tially by a factor of 1.6 from B° — K%a, B— Ka, to
B* —» K**a.

If m, > 2m,, the semi-leptonic decay M; — M,ll can

occur kinematically. Therefore, the relevant decay pro-
cesses can provide bounds on model parameters within
reasonable regions, as shown in Fig. 3(a). For M, —
M,ee, the strongest bounds come from K; — mee within
the oval for 0.001 <m, <0.1 GeV. The following bounds
are from B — Kee, B* — ntee, Bt — K*ee, K* — ntee,
B° — 7%, and B* — p* within their respective circles. For
M, = Mouu, B* — K*uu excludes g.yw >10*% GeV'!,
followed by B — Kuu, B* — nuu, By — ¢uu, B— K*uu,
B — muu , and B — pup. Additionally, the upward-right
tilt of the contour for M, — M,ll arises from the reduc-
tion in Br(a — I), implying that larger values of the coup-
ling g.w are excluded by Eq. (26). These bounds effect-
ively complement the unexplored regions for K* — n*a,
particularly in the range 2m; < m, < my, —my, .

Moreover, the purely leptonic decays B, — Il can
provide the bounds shown in brown. Currently, experi-
mental data indicate that muon final states impose
stronger constraints than tauon cases. By analyzing
Bys — pu, we find that B, — uyu provides significantly
weaker bounds than B, — uu, around 10" orders of mag-
nitude, which constrains g,y < 10~ GeV ' at most mass
ranges except m, ~ mg . Additionally, the excluded re-
gions by B, — uu fully encompass those by B; — puu.

Similarly, neutral meson mixings provide bounds
shown in green. B,- B, mixing can place constraints
across the ALP mass region with g,y <107'* GeV™.
B,— B, mixing offers comparably weaker constraints.
K-K mixing can achieve g,y ~ 1072, which provides
stronger bounds than B,—B, mixing, especially for
0.1 <m, < 1GeV. Additionally, while neutral meson mix-
ings provide weaker constraints compared to rare meson
decays, they exclude some unexplored regions for meson
decays.

For the Z boson properties, the bounds from the Z bo-
son decay chains are shown in yellow. I'; excludes
gaw > 10728 GeV™' across the ALP mass region. Z — ay
can reach g,y ~ 107*?and fill a small region between the
yellow line and rare meson decays. Furthermore, the ex-
cluded region is fully covered by M; — M,ll for
m, >2m,,. Similarly, ALPs can decay into yy,ll to pro-
duce Z — 3y,vll. The relevant bounds are shown in blue.
Z — yee, Z — yuu, and Z — yrr exclude regions within
their respective capabilities. Moreover, Z — 3y provides
the most stringent bounds, encompassing all Z — yee, uu
regions and a significant portion of Z — yrr.

Besides, ultra-peripheral Pb-Pb collisions can pro-
duce ALPs through photon fusion, providing direct con-
straints on the ALP-photon coupling g., in the mass
range m, = (5—100) GeV. These constraints are recast as
a black solid line [90, 91]. We find that the bound from
Pb-Pb collision is relatively weak and fully covered by
other limits. Additionally, the Drell-Yan process pp — ya
at the LHC can provide bounds for m, > 100 GeV, as
mentioned in Ref. [51], which is beyond the mass range
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Fig. 3. (color online) Excluded parameter regions from different physical processes in the plane m, — g,w or m,—g.s. The different

physical processes exhibit distinctive exclusion capabilities, as shown in different colors. (a) Photobic ALP g, =0. (b) ALP with
ga5 = 0. (¢) Same sign case g, = gqw tan> Oy . (d) ALP with g,w = 0.

of interest considered in our study.

Proton beam dump experiments searching for long-

lived particles provide constraints complementary to
those from direct searches for rare meson decays. Produc-
tion occurs through rare decays K — na and B — n/Ka,
followed by the displaced decay a — yy,ee,uu within the
detector. The strongest bound is from the CHARM exper-
iment [92], with the number of signals from ALP decays
estimated in [45, 93].

N;~29x%x10"0-Br(a — vy, ee,u)

o

3
=—B
o =178

+9-10%Br(B> X+a) ,

T, 480m
Y

J-eol

(KJr —>7r++a)+23—8Br(KL—>n°+a)

_ra515m
Y

)]

(46)

where y =10 GeV/m,. Since there is no signal from the
CHARM experiment, one finds the 90% CL, N, <2.3
[93]. The corresponding region is shown in gray in Fig.
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3(a). We observe that the CHARM experiment sets very
strong bounds on the coupling g,w. The CHARM shape
exhibits three distinctive kick points, which correspond to
the thresholds 2m,, 2m, , and 3.

Therefore, we obtain the corresponding strongest
bounds within the respective capability regions (shaded in
gray). In the following, we analyze the future sensitivity
for the ALP parameter regions.

First, we analyze the sensitivity of future lepton col-
liders for our model parameters. As indicated in Eq. (44),
there is an enhancement factor m2/I'; relevant for future
colliders operating at the Z pole energy +/s=m;. This
highlights the importance of future lepton collider ana-
lyses at +/s = my. Fortunately, based on the conceptual
design, two e*e” colliders with +/s=91 GeV exist,
namely FCC-ee [94] and CEPC [95]. At this center-of-
mass energy, the corresponding luminosities are 192 ab!
and 16 ab™', respectively, which implies that the sensitiv-
ity of future lepton colliders can be employed to con-
strain the parameter space. The corresponding cross-sec-
tion is shown in Fig. 4(a). We found that for g,y ~ 1072,
the cross-section approaches the o(ete™ — ya) ~ (1071°-
107®) barn depending on the ALP mass.

By further considering the decay of ALPs within the
detector, we calculate the number of signal events as

Nsig = 0'(e+e_ - 7’61) . €lum(7)gec(lD) - Pgec (r))’ (47)

where ¢, representsthe luminosity of the lepton col-
lider, and r(lp) represents the minimal and maximal dis-
tances from the interaction point (IP) at which the detect-
or can detect an ALP decay into SM particles. The main
detector sensitivity is set as r =5 mm and [p = 1.22 mm
[96]. Requiring N, >3, we obtain the future sensitivity
shown as a dashed line in Fig. 5(a), for CEPC and FCC-
ee in magenta and orange, respectively. We find that
FCC-ee provides better sensitivity than that of CEPC.
Furthermore, FCC-ee can even reach g,y ~ 1074 GeV!
for m, ~10"% GeV. Furthermore, the two colliders can
cross-check the bounds from B — Kuu. Additionally,
FCC-ee and CEPC lose their discriminative capabilities
for m, > 10°% GeV and g,y > 10 GeV .

SHiP [97, 98] is an approved beam-dump experiment
scheduled to begin operation in 2031. In SHiP, a 400
GeV proton beam extracted from the CERN SPS acceler-
ator will impact a heavy proton target, resulting in signi-
ficant production rates of pseudoscalar mesons K, B, B;.
These produced mesons can be utilized to search for
ALPs through rare meson decays. Assuming a nominal
operation of 15 years yields 6x 10% protons on target,
SHiP can produce total meson numbers of 1.71 x 10?° for
K, 8.1x10" for B**, and 2.16x 10" for B, [99, 100].
Assuming these mesons decay into ALPs within the de-
tector, which would lead to observable signals, we can

obtain

Nyig = [NkBr(K — 7a) + Ng (Br(B; — ¢a))

+Np Z(Br(B - Ma)]

X {exp <—Fa§/> —exp <—Fal+yAlﬂ , (48)

where y =25 GeV/m,, i = r,K,K*,p and their correspond-
ing charged components are considered. Adopting the
latest design [98], the detector HSDS is located /=33 m
downstream from the target with decay volume Al=50
m. Similarly, requiring Ny, > 3, we obtain the future pro-
jection shown as a green dashed line in Fig. 5(a). We find
that SHiP provides significant sensitivity, particularly for
small g,w. Furthermore, the SHiP sensitivity projection
completely encompasses the CHARM exclusion limits.
Therefore, SHiP, CEPC, and FCC-ee serve as comple-
mentary explorations for ALPs, focusing on distinct para-
meter regions.

Note that the above sensitivity analysis assumes a
background-free environment based on relatively clean
experimental signatures. In practice, residual back-
grounds including instrumental effects are expected,
which would reduce detection sensitivity. This leads to
detection efficiency degradation, requiring enhanced
couplings g.w.s. Consequently, the sensitivity regions
shift upward. For simplicity, subsequent analysis focuses
on the idealized background-free scenario.

B. ALP scenario with g,z =0

Another interesting scenario is the ALP with g, =0,
which couples only with SU(2), gauge bosons as

8 =0-— g4, = gaWS%V’ 8ayz = 2CwSw8aw- (49)

Correspondingly, the ALP interaction with fermions
at the loop level is obtained as

ag.w, A 3 ,« mi,
wFF = ———log — + = 0% —gu log —- . 50
8aFF 647TS€V 0g m%v 2QF 47'[g yy 108 m%: ( )

Note that the tree-level g,,, is significantly larger than
the loop contribution ¢ and g.-» by approximately one
order of magnitude. The associated branching ratios for
ALP decay processes are drawn in Fig. 2(b). We find that
regardless of the ALP mass, the dominant decay channel
is a — yy with a branching ratio close to 1. Additionally,
chains decaying into charged leptons are strongly sup-
pressed even if kinematically allowed. This feature dif-
fers significantly from the photophobic case, which sug-
gests that different parameter bounds could exist in the
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(color online) Cross-section of e*e~ — ya with the coupling g.w(GeV ") in the center of mass energy +/s =my. Here, we illus-

trate two ALP mass choices, m, =0.5 GeV and m, =70 GeV. (a) Photobic ALP g, =0. (b) ALP with g,z =0. (c) Same sign case

8aB = LaWw tan? Ow . (d) ALP with gaw =0.

ALP scenario with g,z = 0.

Similarly, using Eq. (49) to analyze physical pro-
cesses and comparing them with the experimental observ-
ables in Table 2, the corresponding exclusion parameter
regions for g,y are shown in Fig. 3(b) for 10~ < m, < 100
GeV.

The different physical processes show distinct exclu-
sion abilities represented by different colors. We find that
the largest upper bound for g,» maintains the same con-
straints as that in the photophobic ALP scenario.
However, the corresponding excluded regions are nar-
rowed because of the enhanced total decay width, which
affects the decay factor (1 —%4..).

For rare meson two-body decays M; — M,a, three
different quark transitions — s > d, b > d, and b - s —
move left as the coupling g,» increases. For instance,
when g.v =1 GeV'', the excluded mass changes from
10722 GeV in the photophobic scenario to 1073 GeV. For
the s — d quark transition, the lowest excluded value re-
mains consistent with the photophobic case at g,y ~ 10754
GeV™'. Note that the original gap around the pion mass
disappears because the weakened exclusion capability
constrains m, < 107" GeV. The excluded regions by the

GN bound lie between K; — 7% and K* — 7*a. Both re-
duce correspondingly to m, < 107! GeV. Similarly, the
constrained ALP mass decreases from 10-%¢ GeV to 107!
GeV for b — s quark transition, and from 107%% GeV to
107 GeV for b — d quark transition. Correspondingly,
the bound ability weakens similarly to the photophobic
scenario, followed by B — ma, B* — p*a, B; — ¢a, and
B° — pa for the b — d transition. The limiting capability
decreases sequentially from B’ — K”a, B— Ka to
B* — K*®q for the b — s transition. Additionally, the ex-
clusion capability becomes indistinguishable for large
coupling g.w.

For the semi-leptonic decay M; — M,ll, the con-
straints weaken when kinematically allowed decays oc-
cur. The bounded regions are illustrated in Fig. 3(b). For
the electron case, the bounded circle shifts to the upper
left panel, which corresponds to g.,w ~ 107, as given by
K; — mee. The subsequent bounds are derived from
B — Kee, B— K*ee, Bt —» K*ee, B* —» n*tee, B— K'ee,
K* > ntee, B° - n°, and B* — p*, each showing varying
degrees of weakening. For muon cases, the correspond-
ing bounds shift upward, indicating that M; — M,ll im-
pose weaker bounds on the model parameters, reduced by
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Fig. 5.

(d)

(color online) Future sensitivity for the ALP parameter in the plane m, — g,w or m, —g.s. The future sensitivity of lepton col-

liders (CEPC,FCC-ee) and SHiP are based on background-free assumptions, represented by magneta, orange, and green dashed lines,
respectively. (a) Photobic ALP g,,, = 0. (b) ALP with g,5 = 0. (c) Same sign case gup = gow tan? 8y . (d) ALP with g,y =0.

an order of magnitude of 10%® compared to that of the
photophobic case.

For pure leptonic decays B, — /I, the bounds remain
approximately the same in brown with the photophobic
case because of minor modifications in g,rr. The
B, — pu excluded region fully encompasses the ones by
B, — uu with a decreased g,w. Additionally, neutral
meson mixings remain unchanged as the process solely
depends on the coupling g4+, induced by gaw.

For the Z boson properties, the bounds from the Z bo-
son invisible decays increase slightly because of the

modification g,,; from 2tanfyg.w to 2cwswgaw, as
shown in yellow. In addition, Z — ay restricted interval
decreases from m, ~ 1072 GeV to m, ~ 107°% GeV, in-
dicating that the excluded regions do not intersect with
M, — M,uu. This feature is obviously different from the
photophobic scenario, which helps explore small regions
in previously unexplored meson decays. Furthermore, the
exclusion capability of Z — yill weakens to varying de-
grees. For instance, Z — yrt constrains g,y < 10728
GeV™', which is weaker than the previous bound
gaw < 1073* GeV™' in the photophobic case. However, the
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enhanced decay ratio a — yy strengthens the correspond-
ing bounds to around g,y <102 GeV™' for m, € (107",
10") GeV. Furthermore, Z — 3y covers all regions ex-
cluded by Z — yll.

The Pb-Pb collision constraint is displayed as a black
solid line, which provides the most stringent constraints
in the ALP mass range m, = (91,100) GeV.

Proton beam dump experiments (CHARM) have
already excluded some regions in gray with a correspond-
ing leftward shift. The excluded region by CHARM cov-
ers all coupling ranges g.w € (10°°,1) GeV ™. In the fol-
lowing, we analyze the future sensitivity for ALP para-
meter regions.

For the future lepton collider (CEPC, FCC-ee) operat-
ing at the Z pole with +/s = my, the corresponding cross-
section is shown in Fig. 4(b). We observe that the cross-
section only undergoes minor modifications. For ex-
ample, o(e*e” — ya) ~ 1077 bar for m,=0.1 GeV and
gaw =0.1 GeV.

After analyzing the ALP decay within the detector
and requiring the signal events to be larger than 3, we ob-
tain the future sensitivity shown as a dashed line in Fig.
5(b), for CEPC and FCC-ee in magenta and orange, re-
spectively. FCC-ee can provide significantly better sensit-
ivity than CEPC. By contrast, SHiP can produce a large
number of pseudoscalar mesons decaying into ALP with
the sensitivity shown as a green dashed line. Therefore,
SHiP can provide strong sensitivity, especially for small
gaw- This shows that they can serve as complementary
explorations for ALP, focusing on different parameter re-
gions, respectively.

C. Same sign ALP scenario g,z = g,y tan’ 6y

Instead of selecting the opposite-sign coupling
8ap = —8awtan’ Oy to cancel out g,,, in the photophobic
scenario, we adopt the same-sign coupling g, =
gawtan’6y to enhance g,,,. We defined the case as a
same sign ALP scenario with

2 2
8ap = gawtan” Oy — 8ayy = ngWSW7

8ayz = Ztanewgaw(l _2S€V) . (51)

Correspondingly, the ALP interaction with fermions
at the loop level is obtained as

3a 30 (YR YR, ) A?
FF = — 8w | — + — LR 2 og —
BalF = g 8aW 452, cly w108 m?,

2

3 ,« my,
+ 5 Q%Egayy log mig‘, . (52)

Note that the tree-level g,,, isfour times larger com-
pared to the ALP scenario with g, =0, and it is further

significantly larger than both the loop contribution gl
and g,rr. The associated branching ratios for ALP decay
processes are drawn in Fig. 2(c), indicating that the dom-
inant decay channel is Br(a — yy) ~ lacross the entire
ALP mass range. Additionally, the decay into charged
leptons is strongly suppressed, with ratios below 0.01.
This feature is similar to the g, =0 scenario, which
yields similar parameter bounds.

By leveraging Eq. (51) to analyze physical processes
and comparing it with experimental observables in Table
2, the corresponding exclusion parameter regions for g,w
are shown in Fig. 3(¢) for 10™* < m, < 100 GeV.

The different physical processes show distinct exclu-
sion abilities represented by different colors. We find that
bounds from meson decays, including M; — M,a, M, —
M,ll, and M, — I, have similar constraints to those in the
ALP scenario with g,z = 0. This is because of the loop-
suppressed ALP couplings with fermions and photons,
which results in a — yy being the dominant decay chan-
nel from the tree-level g,,,.

Additionally, the other bounds maintain comparable
exclusion capabilities such as meson mixing and
CHARM. The only significant changes involve Z boson-
related processes. For the total decay width of the Z bo-
son, the exclusion bound is modified to g, < 10726, im-
proved from g,y <107%® in the g,5=0 scenarios as
shown in yellow. Furthermore, the Z — ay restricted in-
terval decreases from m, ~10%% GeV to m, ~107!?
GeV, which adds to previously unexplored rare meson
decays. In addition, the exclusion capability of Z — il
weakens to varying degrees as shown in blue. For ex-
ample, Z— yrr constrains g,y < 1072° GeV™', which
matches the exclusion capability of I';. Correspondingly,
a —yy weakens the corresponding bounds to around
gaw < 107* GeV! for m, € (10°4,10'°) GeV. Furthermore,
Z — 3y covers all regions excluded by Z — yll, even in-
cluding the regions excluded by I';. This feature differs
slightly from the g,z =0 scenario. Moreover, the bounds
from Pb-Pb collisions in the black line are stringent for
ALP masses in the range 10—100 GeV.

In the following, we analyze the future sensitivity for
ALP parameter regions. For the future lepton collider
(CEPC, FCC-ee) operating at the Z pole with /s = my,
the corresponding cross-section is shown in Fig. 4(c),
which maintains approximately the same cross-section.

Similarly, by analyzing the ALP decay within the de-
tector and requiring the signal events to be greater than 3,
we obtain the future sensitivity shown as a dashed line in
Fig. 5(c) for CEPC and FCC-ee in magenta and orange,
respectively. We find that the sensitivity shifts to the left,
and the FCC-ee sensitivity can fully cover the CEPC
sensitivity. SHiP sensitivity follows a similar trend of
shifting to the left, providing strong sensitivity for a small
m, <4 GeV.
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D. ALP scenario with g,y =0

Correspondingly, another left ALP scenario is
gaw = 0, which only couples with the U(1)p hypercharge
gauge boson as

8aw = 0— 8ayy = gchw,

8ayz = —2c080y sinby gup - (53)

Similarly, the ALP interaction with fermions at loop
level is obtained as

B 3a (Y% + FR) o A?
8aFF = 7167rga3 7C%v gf%V
2
my
+5 Qp e Gayy | gsz : (54)

Note that the tree-level g,,, remains significantly lar-
ger than both loop contributions gl;’y"yp and g,rr. The asso-
ciated branching ratios for ALP decay processes are
drawn in Fig. 2(d), demonstrating that the dominant de-
cay channel is Br(a — yy) ~ 1 across the entire ALP mass
range. Furthermore, the decay branching ratios into
charged leptons are significantly suppressed to below
0.01. This feature is consistent with that in the other scen-
arios, which yield similar parameter constraints.

Using Eq. (53) to analyze physical processes and
compare with the experimental observables in Table 2,
the corresponding exclusion parameter regions for g.w
are presented in Fig. 3(c) for 10™* < m, < 100 GeV. Dif-
ferent physical processes exhibit distinct exclusion capab-
ilities, represented by various colors. For g, = 0, the fla-
vor changing interactions in Eq. (12) vanish, causing the
relevant bounds (M, —» Mya, M; — M,ll and meson mix-
ings) to disappear. The only remaining physical pro-
cesses are Z boson-related interactions. For m, <0.1
GeV, the strongest bounds originate from Br(Z — ya)
with g,z < 107** GeV™'. For m, > 0.1 GeV, the stringent
constraint arises from Z — 3y with g,z <10™*> GeV .
Other subsequent decays such as Z — all provide relat-
ively weak constraints, which are entirely covered by the
total decay width of the Z boson I'z, as indicated in yel-
low. Additionally, the Pb-Pb collision constraints in black
solid line dominate over Z-boson decay limits across
most of the parameter space for m, = (10,100) GeV.

For the future sensitivity of ALP parameter regions,
the projected performance of future lepton colliders (e.g.,
CEPC and FCC-¢e) operating at the Z pole (/s =m;) is
shown in Fig. 4(d). Similarly, by analyzing ALP decays
within the detector and requiring at least three signal
events, we derive the projected future sensitivity shown
as dashed lines in Fig. 5(d), with CEPC and FCC-ee in
magenta and orange, respectively. We find that FCC-ee
offers significantly better sensitivity compared to that of

CEPC. Additionally, they can act as complementary
probes for ALPs, in comparison to Z boson decays.

V. CONCLUSION

We provide an updated and extended analysis on the
experimental limits of the ALP couplings to electroweak
gauge bosons across the ALP mass range from MeV to
100 GeV. To indicate the effects from two independent
couplings (g,w and g,3), we analyze four distinct scenari-
os under various values of couplings. The couplings in-
duce flavor-conserving ALP interactions with SM fermi-
ons at the one-loop level, while g,y additionally induce
flavor-changing ALP-quark couplings within the frame-
work of minimal flavor violation.

The relevant experimental constraints are illustrated
in Fig. 3. We clearly depict the bounds from each differ-
ent physical process. This helps us identify which pro-
cess contributes to which specific constraint. For the three
quark transition scenarios s —d, b —d, and b — s, the
strongest bounds are provided by K* — n*a, B — ma, and
B’ - K"™a, respectively. With more precise future meas-
urements of certain processes, we will be able to under-
stand how the constraints on the parameter space evolve.
Comparing these four different scenarios (g4, =0,
g3=0, guz=gawtan’fy and g,y =0), we find that the
excluded region in the photophobic case is significantly
weaker than that in the other three cases because of the
enhanced photon coupling at the tree level for the latter.
The corresponding excluded regions shift to the left pan-
el for these four scenarios along with the increased total
ALP decay width. Another distinct difference is that the
bounds from M; — M,ll move up as the scenario trans-
itions from photophobic and g, =0 ALPs to same-sign
ALPs, and even vanish in the ALPs with g, =0, indicat-
ing a gradual weakening of constraints. Furthermore,
Z — 3y in the last three scenario provides considerably
stricter bounds than that in the photophobic ALP case be-
cause of the enhanced branching ratio a — yy. Addition-
ally, Pb-Pb collisions provide stringent constraints in
m, =(1,100) GeV. Our finding highlights that rare meson
decays, Z-boson decays, and Pb-Pb collisions provide
complementary probes of ALP parameter space, cover-
ing MeV and GeV mass scales.

The future experimental projections for ALP paramet-
ers are analyzed as shown in Fig. 5, including lepton col-
liders (CEPC, FCC-ee) and SHiP. For lepton colliders op-
erating near the Z pole, the ALP production via ete” —
Z — ya experiences an enhancement factor of m2/I% =
1330, requiring an analysis of the corresponding projec-
tion. We find that FCC-ee can provide better sensitivity
than that of CEPC, which enables probing regions bey-
ond the bounds from rare meson decays and Z-boson de-
cays. Moreover, SHiP can explore deeper into smaller
gaw values, fully surpassing the existing CHARM
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bounds. These results indicate that future lepton colliders
and SHiP can offer enhanced sensitivity for ALP para-
meters.
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