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Abstract: Motivated by the more and more abundant 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 cur-
rent and projected experimental limits on these couplings, including the ALP couplings with W-boson g,w and hy-
percharge 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 (SM) fermions at the one-loop level, while g,w additionally gives rise to flavor-changing ALP-
quark couplings. These phenomena warrant further investigation through rare meson decays and neutral meson mix-
ing processes, particularly in light of recent results from B* — K*vv and K™ — ntvy. We find that the rare two-
body decays of pseudoscalar mesons offer the most sensitive probes below the kinematic threshold. In the high-mass
region, complementary bounds arise from Pb-Pb collision and Z-boson measurements, including the invisible decay
Z — ay with subsequent 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 SHiP, provide further opportunities to probe ALP coup-

lings 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 (ALPs), an extension of original
quantum chromodynamics (QCD) axion from spontan-
eous 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 parameter
space, see e.g. [7—10] for a review. This enables a rich
phenomenology, investigated in both low-energy [11-14]
and high-energy experiments [15—17]. Additionally,
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
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[23—36] and experimental observations [37] for meson
flavor-changing neutral current (FCNC) decays have re-
vealed several notable discrepancies. For example, Belle-
II uses an integrated luminosity 362 fb"' to measure
Br(B* — K*vv) =23+5%;, exceeding the SM prediction
by 2.70 significance [38]. Similarly, the NA62 collabora-
tion [39, 40] has reported precise measurements of the
branching ratio Br(K* — n*vy), significantly improving
upon the previous results from the E949 experiment [41].
Due to the presence of invisible final-state neutrinos,
these decay signals could 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]. In particular, ALP interactions
with W* bosons can induce FCNC processes at one loop
level [44], which constitutes the primary focus of this
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work.

In this paper, 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. As mentioned, the ALP-W*
couplings give rise to flavor-changing ALP-quark inter-
actions g;—q,;—a at the one-loop level. The associated
physical processes, such as rare meson decays and neut-
ral meson mixing, are analyzed to determine excluded re-
gions in the ALP parameter space with the state-of-the-art
SM predictions and new experimental data. Pb-Pb colli-
sions also provide constraints in the ALP mass range
m, € [5,100] GeV. Additionally, these couplings affect Z-
boson precision measurements, including 'z, Z — ya
with subsequent decays, and the oblique parameters (S, 7,
U). Moreover, we analyze future experimental sensitivit-
ies from lepton colliders (e.g., CEPC and FCC-ee) operat-
ing at the Z-pole and the proposed SHiP experiment. To
provide a comprehensive basis for comparison, we con-
sider four distinctive scenarios from two independent
ALP couplings, namely the ALP-SU(2), gauge boson
coupling g,w and the ALP-hypercharge gauge boson
coupling g.s,

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

[51];
® ¢,z = 0: turn off the coupling with U(1)y field;

® g.5%g.w > 0: the same sign to enhance the ALP-
photon coupling;

® o, = 0: turn off the coupling with S U(2), field.

The rest of the 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 a UV scale. Section III presents a com-
prehensive list of phenomenological observables relevant
for probing the ALP couplings to electroweak gauge bo-
sons. In section IV, we show our results on current and
future experimental limits on the ALP-electroweak gauge
boson couplings. We give our conclusions in section V.

II. ALP INTERACTIONS WITH ELECTROWEAK
GAUGE BOSONS

The general ALP couplings with gauge bosons are
written as

Loy = =52 awe o — %BaBWB““ ,

: M

where a=1,2,3 represents the SU(2) index, W (B*)

means 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,

B,=cwAy—swZ,, W, =swAy,+cwZ, )
where cy =cosfy and sy =sinfy with 0y being the
weak Weinberg mixing angle. Adopting the above trans-
formation in Eq. (1), the ALP-gauge boson interactions
can be written as

a ~ ~ ~
- Z(gany,quuv + gayZF,uvZHV + gaZZvaZMV

+gawwW;VW+W) , (3)

where F,,;, W,,, and Z,, are the field strength tensors of
the photon, W*, and Z bosons, respectively. And the
coupling coefficients can be expressed in terms of g,y

and g,

2 2
8ayy = aw Sy +gaBCW 5 8ayz = 2CWSW(gaW _gaB) >

4)

_ 2 2
8azz = 8awCyw t 8aBSyy -

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

_igaWpWapWﬁE#wwaWva > Q)
where py, and py; mean the four momentum of the W
bosons. The a-W-W interaction could 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

d
Lw=—%<m,a,&>wvcm ZL W:+Hc, (6)
L

where g means the gauge coupling constant of SU(2),
gauge group. And the subscript L means the projection
on the left. And the CKM mixing matrix Vcgy, iS para-
meterized by three rotation angles and one phase
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d;(pi) ug (k) dj(p;)
Fig. 1. (color online) The flavor-changing a—d; - d; interac-

tion (i# j). Here the symbols in brackets mean the corres-
ponding momentum.

where the corresponding values are shown in Table 1.
Combing the interactions in Eqgs. (5,6), we can write
down the amplitude in Fig. 1 as

& ik d*k
iM=—g.w VC'KMVC]KM/wﬁﬂa(k—mk)ﬁplui

2
y (k=p),k=p)),e” ,
(& = m)((k = p,)? = mi) (k= p)? = miy)

@®)

where i # j means the flavor-changing interactions. At
first glance, the amplitude should be UV divergences by
analyzing the loop integral. After the dimensional regu-
larization, the divergent term should be proportional to

& . 10(2-d/2).
div = gaw 5 2 VéKMVé]KM FREET N

X [(pi)vguy + (pf)ugvy]fwwﬁ,

Uy y vpPru;
9

where d =4 —e€. This divergence should be eliminated by
the Renormalization. Before the renormalization, we can
analyze the structure of divergent terms. We found that
the divergence term is independent of the quark mass.
When summing over the up-type quarks (u,c,t), we natur-
ally obtain the CKM matrix as

VeienVerm + VernVerm + VexuVm = 0. (10)
This shows that the divergences disappear due to the unit-
arity of CKM matrix when we consider the all three gen-
eration up-type quark in the propagator.

Ignoring the quark mass of initial and final states and
using €y, y,ys = 6iy*y>, the finite term with i; p,Pru;
can be obtained approximately as

1 X
6
2 — log(1-y+2
/OdX/O dy4(4ﬂ)2 og(l—y+ay)
/l(l—/l+/llog/l)>

(1-2?

3
~ 4(4ny (_ * (D

where A =m?/m},. Note that the first term (-1) will also

Table 1. The 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 527972 sinfy3 0.04183

Mg+ 0.493677 s 1.147

mg, 0.497611

M+ 0.13957 fx VBx 0.132GeV

150 0.1349768 /8, VBa 225MeV

mpo 0.770 18, VBs 274 MeV

meg 1.020

disappear due to the CKM unitarity. Therefore, combin-
ing the corresponding coefficients, we obtain the follow-
ing effective interaction as [42]

‘Edi—’dj D —gad'd‘([) Ll)é?"yprd[ +H.c.,
3 \/_GmegaW Z
1671-2 aEu,c,t
x[1+ x(logx—1)]
(1-x)? '

gad,'d‘,- = - ‘/a/l ‘/a/jf(m(zy/mﬁv)’

flx) = (12)

where Gr = 1.1664 x 10°Ge V™ is the Fermi constant. V;;
means the relevant Cabibbo-Kobayashi-Maskawa (CKM)
matrix. Note that for x < 1, we obtain

}Cii%f(x):x. (13)
Note that the interaction is proportional to m?2/mj, for
My << My .

Therefore, for the above flavor-changing couplings,
the results is finite and only depends on the IR value of
the effective coupling. Although the individual diagram
in Fig. 1 are UV divergent, the divergences will cancel
out when summed up intermediate up-type quark flavors
uy.. This interesting feature is benefit from the two points:
the unitarity of CKM matrix and quark-mass independ-
ent divergences. This is in contrast with models possess-
ing a direct ALP-quark coupling, in which the FCNC rate
is sensitive to the UV completion [42, 52].



Jin Sun, Zhi-Peng Xing, Seokhoon Yun

Chin. Phys. C 49, (2025)

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

Lioa; = i8ada,ad(my, Py — my Pr)d; + H.c.. (14)
This forms show that the main interactions should be RH
chiral quark structures due to mg, >> my;.

II1. 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,, as well as discussing
possible ALP explanations for experimental anomalies.

A. Meson FCNC decay

The above quark couplings a—d;—d; will mediate
flavor-changing neutral current (FCNC) rare decays of
heavy-flavor mesons at the tree level. The rare meson de-
cays into mono-energetic final state mesons and on-shell
ALP, M| — M,a, are the most sensitive probes of flavor-
violating ALP couplings. This indicates that the relevant
interactions are constrained by the corresponding physic-
al processes as shown in Table 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 B
meson as example with the form factors as [74, 75]

2 2
(P(p)IgblB(py)) = (;’: — ,'Z )f(f(qz),
q
—D2mve* -
(V(p)|gysblB(ps)) = ’;”an Tavg).  (15)
q

where P and V correspond to pseudo-scalar and vector
state mesons, respectively. For B — K*a decay, the K*
meson actually only have longitudinally polarization con-
tribution since the ALP is a pseudoscalar particle. For the
Kaon rare decays, we can estimate its amplitude under
the vertor current conserved assumption [44]. Note that
the matrix element for K° — 7% is related to K* — n*a
by isospin symmetry. Therefore, the matrix element for
K1 (Ks) mass eigenstate is obtained by taking the imagin-
ary (real) part of K* — n*a matrix element [76]. There-
fore the corresponding decays for B and K mesons are
expressed by

3

m

F B+ + — B “ 2 B—m
(B" > r'a) = = |ganal i

) (1225
ma m%

m,; m
(e 1),
mp mp

o (1-2)

21" <”L ”’L) ,
mg mg

r (BO - noa) = %1" (B_ — ﬂ"a) ,

3
m
FB+ + - B g 2 B—n
(B" > n"a) 7647r|g bal ’fo

m} my ?
F(B 4 Ka) = ﬁ'gt/ziﬂ2 (1 - mig) |f(f_>K(m5)|2
B

mg m
(e
mp np

) n; mg- My,
[(B - K'a) = —L|gulAom>)P 2 (—" —) ,
64

9
mpg nipg

my. m\’
K" - nta)= 6:71’ <1_”12K+> |gasal”
x/ll/z(mﬂ+ ﬂ)
mK+’mK+ ’
m " 2
[k —>na)= = (1-—2 ) Im(gu)’
(Kp—>ma) Cin . (8asa)

xﬁ”(ﬁ,ﬂ), (16)
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

AB=K () = 1_ni;(654-28)2 1 _;:1)5392.78 '
Ag " mg) = 1—;3?/257.282 ’ 1—_ml;32;).36 :
AOB.,.—@(mg) =1 _,?;1.;/150,282 + 1 __;3?33?.57’
0 (mg) = #/538381 ’
k) - 1_%3/330746 ' (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, but because the fla-
vor-changing ALP couplings do not run below the weak
scale, it is equivalent to use couplings renormalized at the
weak scale. Additionally, we expect that subprocesses of
the type B~ — n~a via ALP-pion mixing give rise to sub-
dominant contributions to the B~ — s~ rate. The assum-
tions can be applied into other meson decays.

We should stress that the NP effects in the K* and in
the K; decay are in general highly correlated by the
Grossman-Nir bound [77] with
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Table 2. The SM predictions and the experimental measurements of the meson decays. Upper limits are all given at 90% confidence

level (CL). Note that the symbol = means the contribution is obtained by subtracting the tree-level effect from B* — r*(— K**v)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; — n%v)

Br(Kt — ntee)

(8.42+0.61)x 1075 [53]

(3.41+0.45)x 1075 [53]
0.3+0.03 [55]

(13.0733)x 1075 (NA62 [39, 40])

<3x1073(KOTO [54])
0.3+0.009(NA48 [37])

o Br(K* — n*pp) (9.4+0.6)x 1072 [55] (9.17 £0.14) x 102 (NA62 [37])
Br(K, — nlee) (3.38+0.92) x 1075 [56] <2.8x10"*(KTEV [57])
Br(Ky — n%up) (1.39+0.27)x 1075 [56] <3.8x107*(KTEV [58])
Br(B* — n*v¥) 0.140 £0.018 [53] < 14(Belle 11 [59])
Br(B" — n%v) 0.0652 +0.0085 [53] < 9(Belle II [59])
Br(B* — p*vi) 0.406 +0.079 [53] < 30(Belle I [59])
Br(B" — pOvv) 0.189 +0.036 [53] < 40(Belle 11 [59])
Br(B* — n*ee) (1.95+0.61) X 1072 [60] <5.4x1072(Belle-11 [61])
b d Br(B® - n'ee) (0.91+0.34) x 1072 [60] <7.9%1072(Belle-11 [61])
Br(B* — p*ee) 0(0.02) [37] <0.467(Belle-11 [61])
Br(B* — n*uu) (1.95+0.61)x 1072 [60] (1.78 £0.23)x 10~2(LHCb [37])
Br(BY — n%uu) (0.91+0.34)x 1072 [60] <5.9%1072(Belle-II [61])
Br(B* — p*up) 0(0.02) [37] <0.381(Belle 11 [617])
Br(B — pup) (1.03£0.05)x 107* [62] < 1.5x 1074(CMS [63])
Br(B — 171) 0.03 [64] <2100(CMS [63])
Br(B* — K*v) (4.97+0.37) (HPQCDI[65]) 23+5%3(Belle 11 [38])
Br(B° 5 K%) 3.85+0.52 [53] < 26(Belle [66])
Br(B* — K**v¥) 9.79 +1.43* [67] < 61(Belle [66])
Br(B® — K*Ovp) 9.05+1.37 [67] < 18(Belle [66])
Br(By = ¢vv) 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® — KVe¢) 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* )
Br(B® — Koup)
Br(B — K™ pu)
Br(Bs — ¢uu)
Br(B* - K*171)
Br(Bs — pp)
Br(B; — 171)

0.191+0.015 [56]
0.51+0.16 [60]
0.239+0.028 [56]
(0.27 £0.025) [56]
0.12£0.032 [60]

(3.78 £0.15)x 1073 [56]
0.8 [64]

0.1242 +0.0068(CMS [70])
0.339+0.035(Belle [37])
1.19+0.32(Belle-II [69])

0.814+0.047(LHCb [71])
<2250(BaBar [72])

(3.34+0.27)x 1073 (CMS [63])
< 6800(LHCb [73])

B. semi- and pure- leptonic meson decays

BR(K; — 7%v¥)

e —— < 43 .
BR(K* — ntvv)

(18) coupling to fermions £ D g,rrd,aFy*y’F [51] as

Although ALPs do not interact with fermions at the

UV scale, the one-loop RG evolution from the UV scale
A down to the weak scale induces the flavor conserving

urr = 3;¢2 3 8w (Y%L + Y%,e) 8as || ﬁ
aFF 4 CA“V g,z m%)v
3 L« m?
+ EQ%«"Egayylogmi;: s (19)
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where Yr,, are the hypercharges of the chiral fermion F
fields, and sy =sinfy and cy = cosfy. In our study, we
choose A = 10TeV.

The above forms g,,, in Eq. (4) comes from the tree
level contribution. The loop corrections also contributes
to the coupling given by

4mz,
5 ()2

loop
gayy _ 8aw

e? 22

2

NFQ3 4m
- QFgaFFBl <m7;) , (20)

2?2

with the form of the functions as

Bi(x) =1-xg(x)*, By(x)=1-(x—1g(x)*,

1
arcsin — for x>1
& 1)
gx) = ,
7r_|_i1 1+ VI—-x f <1
—+—log————mm—, or X .
P R T

where NP = 1(3) stands for the charged leptons (quarks).
Therefore, the total ALP couplings with photons should
consider the tree and loop level contributions simultan-
cously, gif) = Suyy + 8y -

Correspondingly, the decay widths are obtained by

T = Y _T(a— FF)+T(a— hadrons) + (@ yy).

F

_NF A2\
F(a%FF)zﬂmamigiFF< _m;> ,
(22)
2
1 83 a;
I'(a — hadrons) = Qa?mz (1 + Z;) Z Qagq| >
q=u,d,s
4 2 2
a_b_0\ _ T MMy [ 8auu — 8add m;
ety = 50 [ b (7).
m
r = Maerrp
(a—vyy) P |85y ]

(23)

where the fermion F stands for 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, in which 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. And f; =0.13GeV means the pion meson decay
constant. For m, > 1GeV, the a — 37 channel will be ab-
sorbed into the ¢ — hadrons one. And the corresponding

functions are defined by

) (=+r? 4 o
= [ de 1= TR,
(A=r2 Jy z
4r

12 (1-vr? 4
— dz 1-—
(I-ry /4 z

X (2=’ A2 (Vz, V).

g+-(r)=

24

Furthermore, the branching ratios for the corresponding
decay chains can be determined. Notably, the total decay
width ', 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 detector, we should consider the ALP decay
probability defined as

Pa

dec

M,
=1-exp (—fDl"a ) , (25)
p

a

where ¢ refers to the transverse radius size of the detect-
or, with 2.5 meters for NA62 and KOTO, 1.5 meters for
BaBar, 1.8 meters for NA48, 1 meter for KTeV, 2 (4)
meters for Belle (Belle-1I), 7.5 meters for CMS, 6 meters
for LEP, and 5 meters for LHCb, respectively.

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

Br(M, — M,ll) = Br(M, — Mya)Br(a = IDPy... (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. Properly accounting
for their interference, we find that the ALP contribution
modifies the branching ratios [9]

Br(B,, — )

RB,))= ————————
(Bra) Br(B4 — Dsm
2
|- 8all T V§ M 8abs.abd 7)
C (up) a(up) 1=m2[my , ViV |

where C5)"(m;) ~ —4.2 means the wilson coefficient of the
operator  Oyo = 5.y,b.ly"yst [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
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A = M —il'/2, where the Hermitian 2x2 matrices M and
[" 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 mixing amp-
litude defined as

1 -
Lo =qliqpglg = Mno= T<P|7—(eff|P>
mp

1

=- (Plg\T1921T2qa|P) , (28)
P

2mp

where ¢, =ds,db,sb correspond to the mixing of
K°-K°, B,—B; and B,-B,, respectively. And T,
means the different interaction structure combination.
When considering the specific meson-mixing system, the
mass differences for the K, B;, B, are

Amg = 2R (M%), Amp, =2IM}] . (29)
Note that for K — K mixing system, we need modify 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(u) as

1 _
m7<P|Z]1F1q2QIF2q2|P> = frmpn()Bp) , (30)
P

where the decay constant of f» meson and the bag para-
meter Bp can refer to Refs. [79, 80] with numbers shown
in Table 1. The meson P(Hg) is composed of one heavy
quark H and one light antiquark g.

For the above interaction in Eq. (12), it can naturally
lead to the four-fermion operators. Adopting the nota-
tions in Ref. [81], the relevant two effector operators are
expressed in the following

Hepr =& (un)0r +&(un) 05,

0, =i Hygy Hy . Os = G H Hy . (31)
For the case of m, < m,,, the wilson coefficients are
i) = m2,(uy) N2A, —A_
C(Uy) = ) (Nf.—l) 8adid; >
2

- my(up) N(A_—Ay) ,

— , 32
C3(um) > (NZ—1) Sadds (32)

where A. = 1/[(my = (mp—mpy))*—m2], and N, =3 means
the color numbers for quarks. The superscripts «,8 mean
the corresponding color indices. The normalization
factors n(u) are conventionally obtained using the naive
vacuum insertion (VIA) approximation for the matrix ele-

ments. Under the VIA condition, the above two operators
0,5 will lead to n(u) as
w3 (1-350) Gt
=—(1-
(ki) 2 2N,/ \my+m,/ ~°
=3 (3 3) Grtr)
s (hta) = 2\N. 2/ \my+m,/) ~

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

(33)

&) = (0.983772240.0177%7) &),

73 (Ha)
2m?

52(/151) = (gad,‘dj>2 = [as(/Ja)/a's(:ub)]6/23 s (34)

where-we consider the running effects from axion mass
scale down to the scale my,.

These off-diagonal matrix elements are directly re-
lated to the experimentally measured quantities as shown
in Table 3. We found that the SM predictions on Am are
consistent with experimental data within errors and the
uncertainties from theoretical non-perturbative QCD ef-
fects are larger than those of data.

The mass differences for the neutral meson mixing
system are

Amp = |Amp" = fimp " Empgn(mp)Bp(my)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 the electroweak gauge bo-
sons, the relevant interaction can also be probed through
precision measurements of the properties of Z bosons.

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

3
my

m2\’
gZz(l_%> :
3847x°Y m

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

['(Z - ya) = (36)

8 ayZ

2 m2)3
_ -3 __a
Br(Z — ya)=2x 10 (2_8x10_3) <1 =

z

37

At 95% CL, the decay can be constrained by Z total de-
cay width, which can be converted into
Br(Z — inv) <2x 1073, which can constrain the corres-



Jin Sun, Zhi-Peng Xing, Seokhoon Yun

Chin. Phys. C 49, (2025)

Table 3. The SM prediction and experimental values of mass differences Amp for AF =2 mixing.

Mixing modes

SM prediction

Experimental data

K-k 47+1.8 (ns)" [82]
By—Ba 0.547+0035 (g1 [83]
B, - B, 18.2320.63(ps)" [83, 84]

5.293+0.009(ns)"'(PDG [37])
0.5065 = 0.0019(ps)" (PDG [37])
17.765 = 0.006(ps) (PDG [37])

ponding model parameters, m, and g,y. The most strin-
gent constraints arise from the L3 search in e*e™ colli-
sions at the Z resonance at LEP, where Br(Z — ya) <
1.1x 1076 [85], for photon energies exceeding 31 GeV.

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

Br(Z — yee) <5.2x 107 (OPAL),
Br(Z — yuu) < 5.6x107* (OPAL),
Br(Z — yt1) <7.3x107* (OPAL),

Br(Z — yyy) <2.2x107% (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 in general be described in terms of the
usual oblique parameters S,T,U [88], with the forms as
[89]

2 2
_ _Swlw 2. .
5= 722 BV Ean [F(my;a,y) = F(my;a,2)|,
_ Siw8aw
T2m2m’

1
L piam].
SwC (mwa )

2
c
X{F(mé;a,y)+7wF(m§;a,Z)— >
Sw wCw

(39)

with the function F(k*;a,V) defined as

3k4/1(ma/k, my [k) X [Bo(kz;ma, my) — By(0;my, mV)]
— 3K [(2m2 + 23, k) By(0;mysmy)]

=32 [Ag(my) + Aog(my)] + TK*(3m2 + 3m3, — k%), (40)

where the Ag(mg), Bo(p?;mo,m;) means Passarino-Velt-
man functions denoted explicitly as

m2
Ao(mg) = m} <l—lnA—2),

AZ

xm + (1 —x)m? —x(1-x)p] -

(41)

1
Bo(P2§mo,m1)=/ dxxln{
0

The current global fits for the oblique parameters are
S =-0.04+0.10, T=0.01+0.12 and U =-0.01+0.09
[37]. We found that within 1o errors, these parameters
approaches zero. The new-physics scale A denotes the
axion breaking scale. By setting A =10TeV, S and U
give the the bound correspondingly.

In views of the couplings g, 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 Z propogator in the s-channel with
the differential cross section as

do(ete™ — ya) 1 %) , ( m? ) ’ )
- 1-"2) (1 +cos?d
dcosO 5127 a(my)” s ) (Lreos’d)

X[V +1AGs)IT,
(42)

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

V(S) — 1 _4S%V 8ayz + zgayy
dswew s—mE+imgly s
A(s) = Sz (43)

dsyew s—mE+imgly

Analyzing the vector coupling V(s), the first term is sup-
pressed by 1-4s3, so that we can reasonably ignore this
term. Additionally, it could have enhanced effect when
s ~m5. Integrating out the angle 6, we can obtain the
cross section

olete” > ya)l,_,

N
)
=~

m o &z
LT (gL (44
{r@ 6act, 53, TG |- 49
Note that the contribution in the case of Z pole receives
an enhancement factor mZ/T'2 ~ 1330. It shows that using
on-shell decays of narrow heavy SM particles into ALPs
rather than the production of ALPs via an on-shell
particle provides a much enhanced sensitivity to the ayZ
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coupling on the Z pole.

For the ALP in our case, Higgs boson can decays in-
to Z bosons and ALPs, & — Za and h — aa. However, the
two decay processes are not induced by the Wilson coef-
ficient Cyyw and Cpp so that we do not consider the relev-
ant processes.

IV. ALP PARAMETER BOUNDS

Because the ALP couplings with fermions and gauge
bosons depend on g,y and g,z at the same time, this
means that both couplings will affect the phenomenology
described above. Therefore, we consider four different
scenarios: 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 tree-level by imposing the specific condition
g = —gawtan? @y to eliminate ALP-photon interaction,
while the third one adopts the same sign g,z = gaw tan’fy
to enhance ALP-photon interaction. The left two ones re-
quires guwap = 0 directly.

In the following, we will analyze the current experi-
mental bounds and future sensitivity for these four differ-

Br
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Fig. 2.
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ent scenarios, respectively.

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 fol-
lowing condition:

8aB = —8aw tanz Oy — 8ayy = 0,

8ayz = 2taneWgaW . (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 sums to less
than unity because we exclusively display the decay
channels ' (charged leptons and photons) pertinent to our
subsequent analysis.. Other decay channels (hadronic fi-
nal states and heavy quarks ¢/b) contribute to the total de-
cay width (see Eq. 22). Additionally, in the photophobic
scenario, the absence of tree ALP-photon coupling pre-
vents the photon channel from dominating, in marked
contrast to non-photophobic cases (Fig. 2). We found that

Br

a->yy

0.010 0.100 1 10 100

(b)

ma(GeV)

a->yy

0.01
a->T1

1071

10—8 L

L ! ! L L !

107 0.001 0.010 0.100 1 10 100

(d)

(color online) The 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. The upper left panel a) means the photobic ALP g, = 0. The up-

per right panel b) means the ALP with g,z = 0. The lower left panel ¢) means the same sign case gup = gaw tan® 8y . The lower right pan-

el d) means the ALP with g, = 0.
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below m, < 2m,, the only decay channel is a — 2y. Addi-
tionally, the photon channels dominate the decay 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 de-
cay processes will 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 as the ALP mass increases, which
significantly influences the shape of the parameter space
contours. These indicate that the ALP subsequent 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
10™* <m, <100GeV. The lower 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* — n*a with g, > 107* GeV™! in
the mass region m, < mg+ —m,+, which is stronger than
K; — n%a by an order of magnitude. It indicates that the
NAG62 experiment provides a comparable exclusive limit
to the previous E949 experiment. Note that the gap
around m, € (100,150) MeV is due to 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,» shown in the blue
dashed line. It approaches g,w ~ 10~ GeV™', providing
much stronger constraints than K; — na, but weaker con-
straints than K* — n*a.

For 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* = pta with g <1072 GeV', B,—¢a with
gaw <1072 GeV!, and B’ — pa with g,y < 10728 GeV™.
Additionally, large couplings with g, > 107%° results in a
loss of distinguishable capability for b — d processes.

For b — s quark transition, B — K%qa provides the
most stringent bounds with g, <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 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, Bt — ntee, Bt — K*ee, K* — ntee, B* — n°,
and B' —p* within their respective circles. For
M; — Mouu, B — K*uu excludes guw > 107*% GeV',
followed by B — Kuu, B* — ntuu, By — duu, B — K*uu,
B — mup and B — puu. Additionally, the upward-right tilt
of the contour for M, — M,ll arises from the reduction in
Br(a — ll), implying that larger values of the coupling
guw are excluded by Eq. (26). These bounds effectively
complement the unexplored regions for K* — n*a, partic-
ularly in the range 2m; < m, < my, —myy, .

Moreover, the purely leptonic decays B, — Il can
provide bounds shown in brown. Currently, experimental
data indicate that muon final states impose stronger con-
straints than tauon cases. Analyzing B, — uu, we find
that B, — pu provides significantly weaker bounds than
By — uu, around 10'® orders of magnitude, which con-
strains g,y < 107" GeV™' at most mass ranges except
m, ~ mg,_. Additionally, the excluded regions by B; — uu
fully encompass those by B, — upu.

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 ~107%, which provides
stronger bounds than B;—B, mixing, especially for
0.1 <m, <1 GeV. Additionally, while neutral meson
mixings provide weaker constraints compared to rare
meson decays, they exclude some unexplored regions for
meson decays.

For the Z boson properties, the bounds from Z boson
decay chains are shown in yellow. I'; excludes
gaw > 1072% GeV™' across the ALP mass region. Z — ay
can reach g, ~ 1072 and fills a small region between the
yellow line and rare meson decays. And the excluded re-
gion is fully covered by M, — M,ll for m, > 2m,,. Simil-
arly, ALP can decay into yy,ll to produce Z — 3vy,yil.
The relevant bounds are shown in blue. Z — yee,
Z — yuu, and Z — yrr exclude regions within their re-
spective capabilities. And 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
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Fig. 3. (color online) The excluded parameter regions from different physical processes in the plane m, —g.,w or m, —gq.s. The differ-

ent physical processes exhibit distinctive exclusion capabilities, as shown in different colors. The upper left panel a) means the photo-

bic ALP g4, =0. The upper right panel b) means the ALP with g,5=0. The lower left panel c¢) means the same sign case
8a = gaw tan @y . The lower right panel d) means the ALP with g,y = 0.

mentioned in Ref. [51], though this is beyond the mass
range of interest 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 — vy, 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;~29%x10"0-Br(a — yy,ee,up)

4 1
» {exp (—Fa@) —exp (_rfﬂﬂ ,
Y Y
3
o= ﬁBr(KJr - 7" +a)+ ﬁBr(KL —n’+a)

+9-10%Br(B— X+a) ,

(46)
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where y=10GeV/m,. Since there is no signal from
CHARM experiment, one then finds the 90% CL,
N, < 2.3 [93]. The corresponding region is shown in gray
in Fig. 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, cor-
responding to the thresholds 2m,, 2m, and 3z, respect-
ively.

Therefore, we obtain the corresponding strongest
bounds within the respective capability regions. These
bounds are shown in gray in Fig. 5(a), respectively. In the
following we want to analyze the future sensitivity for
ALP parameter regions.

Firstly, we analyze the sensitivity of future lepton col-
liders for our model parameters. As indicated in Eq. (44),
there is an enhancement factor mZ/I'; particularly relev-
ant for future colliders operating at the Z pole energy
vs = mz. This highlights the importance of future lepton
collider analyses at +/s = m. Fortunately, based on the
conceptual design, two e*e” colliders with /s =91 GeV
exist: FCC-ee [94] and CEPC [95]. At this center-of-mass
energy, the corresponding luminosities are 192 ab’' and
16 ab™, respectively. This implies that the sensitivity of
future lepton colliders can be employed to constrain the
parameter space. The corresponding cross-section is
shown in Fig. 4(a). We found that for g,y ~ 1072, the
cross section approaches o(e*e™ — ya) ~(107'°-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 = O'(€+€7 - 7’61) . flum(pgec(lD) - p?lec (r))’ (47)
where, ¢, represents the luminosity of the lepton col-
lider, and r(lp) denotes 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 chosen as r=5 mm and I, = 1.22
mm [96], respectively. Requiring N, >3, we obtain the
future sensitivity shown as a dashed line in Fig. 5(a), for
CEPC in magenta and FCC-ee in orange, respectively.
We found that FCC-ee provides better sensitivity than
CEPC. Furthermore, FCC-ee can even reach g,y ~ 10774
GeV! for m, ~ 10'® GeV. Furthermore, the two colliders
can cross check the bounds from B — Kuu. Additionally,
the FCC-ee and CEPC lose their discriminative capabilit-
ies for m, > 107°% GeV and g,y > 10°GeV™".

The Search for Hidden Particles (SHiP) [97, 98] is an
approved beam-dump experiment scheduled to begin op-
eration in 2031. At SHiP, a 400 GeV proton beam extrac-
ted from the CERN SPS accelerator impacts a heavy pro-
ton target, resulting in significant production rates of
pseudoscalar mesons K,B,B,. These produced mesons
can be utilized to search for ALPs through rare meson de-

cays. Assuming a nominal operation of 15 years yields
6x10?° protons on target, SHIP can produce the total
meson numbers 1.71x 10% for K, 8.1x 10" for B®* and
2.16x 10" for B, [99, 100], respectively. Assuming these
mesons decay into ALPs within the detector, leading to
observable signals, we can obtain

Nyig = [NkBr(K — ma) + N (Br(B, — ¢a))
+Np Y _(Br(B— Ma)]

X {exp (—Fal) —exp (—Faﬁ)} ,
Y Y

where y =25GeV/m,, i =n,K,K*,p and their correspond-
ing charged components are considered. Adopting the
latest design [98], the detector HSDS is situated /=33 m
downstream from the target with decay volume Al = 50m.
Similarly, requiring Ny, > 3, we obtain the future projec-
tion 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 the relatively
clean experimental signatures. In practice, residual back-
grounds including instrumental effects are expected,
which would reduce the 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.

(48)

B. ALP scenario with g,z =0

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

8a8=0— g4y = gaWS‘ZV, 8ayz = 2CwSw&aw- 49)

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

_ 9agaW V

Barr = 647ms,

A 3 L a m
log miév + EQiﬂgm@, log mi‘g . (50)
Note that the tree-level g,,, is significantly larger than
the loop contribution g’ and g.rr, 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. Addi-
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(color online) The cross section of e*e™ — ya with the coupling g, (GeV™') in the center of mass energy +s =my. Here we il-

lustrate two ALP mass choice, m, = 0.5GeV-and m, = 70GeV. The upper left panel a) means the photobic ALP g,,, = 0. The upper right
panel b) means the ALP with g,z =0. The lower left panel ¢) means the same sign case gup = gawtan® 6y . The lower right panel d)

means the ALP with g,y = 0.

tionally, the chains decaying into charged leptons are
strongly suppressed even if kinematically allowed. This
feature differs significantly from the photophobic case.
This suggests that different parameter bounds could exist
in the 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, 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 the photophobic ALP scenario. However, the
corresponding excluded regions are narrowed due to the
enhanced total decay width, affecting the decay factor

(1 - Pgeo)'
For rare meson two-body decays M; — M,a, three
different quark transitions — s—d, b—od,

b — s—will move left as the coupling g,y increases. For
instance, when g,y = 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 remains consistent with the photophobic case at

and

gaw ~ 1075* GeV™'. Note that the original gap around the
pion mass disappears approximately because the
weakened exclusion capability constrains m, < 10™! GeV.
The excluded regions by the GN bound lie between
K, — n%a and K* — n*a. Both reduce correspondingly to
m, < 107! GeV. Similarly, the constrained ALP mass de-
creases from 107*¢ 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— na, B* — p*a, B, — ¢a, and B° — pa for b — d
transition. The limiting capability decreases sequentially
from B —» K%*a, B— Ka to Bt — K*®q for b — s trans-
ition. Additionally, the exclusion capability becomes in-
distinguishable 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, corresponding 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 — 7, and B* — p*, each showing varying
degrees of weakening. For muon cases, the correspond-
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Fig. 5. (color online) The future sensitivity for ALP parameter in the plane m, —g.,w or m, —g.5. 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. The upper left panel a) means the photobic ALP g,,, = 0. The upper right panel b) means the ALP with g, =0. The lower
left panel ¢) means the same sign case g.z = gqw tan> 6y . The lower right panel d) means the ALP with g,y = 0.

ing bounds shift upward, indicating that M, — M,ll im-
pose weaker bounds on the model parameters, reduced by
an order of magnitude of 10-%® compared to the photo-
phobic case.

For the case of pure leptonic decays B, — II, the
bounds remain approximately the same in brown with the
photophobic case due to minor modifications in g,rr.
B, — uu 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 guq.q, induced by gaw.

For the Z boson properties, the bounds from Z boson
invisible decays increase slightly due to the modification
8ayz from 2tanfyg.w to 2cwswgw as shown in yellow.
Additionally, Z — ay restricted interval decreases from
m, ~ 10792 GeV to m, ~107°% GeV, indicating that the
excluded regions do not intersect with M; — M,uu. This
feature is obviously different from the photophobic scen-
ario. This helps explore small regions in previously unex-
plored meson decays. Additionally, the exclusion capabil-
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ity of Z — yll weakens to varying degrees. For instance,
Z — ytr constrains g,y < 10723 GeV™', which is weaker
than the previous bound g,y < 107>* GeV' in the photo-
phobic case. However, the enhanced decay ratio a — yy
strengthens the corresponding bounds to around
gaw < 10742 GeV"!, particularly for m, € (10~",10°) GeV.
Furthermore, Z — 3y covers all regions excluded by
Z - yll.

The Pb-Pb collision constraint is displayed as a black
solid line. This 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 gy € (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 = m;, the corresponding cross
section is shown in Fig. 4(b). We observe that the cross
section only undergoes minor modifications. For ex-
ample, o(ete” — ya) ~ 107" 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 in magenta and FCC-ee in orange, re-
spectively. FCC-ee can provide significantly better sensit-
ivity than CEPC. On the other hand, 'SHiP can produce a
large number of pseudoscalar mesons decaying into ALP
with sensitivity shown in green dashed line. This indic-
ates that SHiP can provide strong sensitivity, especially
for small g,w. This shows that they can serve as comple-
mentary explorations for ALP, focusing on different para-
meter regions, respectively.

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

Instead of selecting the opposite-sign coupling
8up = —8awtan? Oy to cancel out g,, in the photophobic
scenario,adopt the same-sign coupling g,z = gaw tan?y to
enhance g,,,. We defined the case as same sign ALP
scenario with

8ap = aw AN Oy — 8ury = 28aw Sy

Qayz = 2tan By gaw(1—2s7,) . (51)

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

3a 3 (YE+YE), ) A?
= —_— —_— —_— 09 ——
gaFF 16ﬂ_gaW 45%[/ cév w g m%v

3 ,a m3,
+ -0r—8uylog— . (52)
25 4% .

Note that the tree-level g,,, isfour times larger com-
pared the ALP scenario with g,z =0, and it is further sig-
nificantly larger than both the loop contribution g and
gurr- The associated branching ratios for ALP decay pro-
cesses are drawn in Fig. 2(c), indicating that the domin-
ant decay channel is Br(a — yy)~1 across 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.

Based on Eq. (51) to analyze physical processes and
compare with the 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
the bounds from meson decays, including M; — M,a,
M, — M,ll and M; — I, keep similar constraints to those
in the ALP scenario with g, = 0. This is due to 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,y < 107%%, im-
proved from g,y <107® in the g,5=0 scenarios as
shown in yellow. Furthermore, Z — ay restricted interval
decreases from m, ~10°% GeV to m,~107'? GeV,
which adds to previously unexplored rare meson decays.
Additionally, the exclusion capability of Z — yll weak-
ens to varying degrees as shown in blue. For instance,
Z — ytt constrains g,y < 1072° GeV"!, which matches the
exclusion capability of I';. Correspondingly, a — yy
weakens the corresponding bounds to around g,y < 107
GeV!' for m, €(10°4,10'°) GeV. Furthermore, Z — 3y
covers all regions excluded by Z — yll, even including
the regions excluded by I';. This feature differs slightly
from the g,z =0 scenario. Additionally, the bounds from
Pb-Pb collisions in black line are particularly 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-¢ce) operating at the Z pole with /s =mg,
the corresponding cross section is shown in Fig. 4(c),
keeping the same cross section approximately.

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 in magenta and FCC-ee in orange.
We find that the sensitivity shifts to the left, and the FCC-
ee sensitivity can fully cover the CEPC sensitivity. On
the other hand, SHiP sensitivity follows a similar trend of
shifting to the left, providing strong sensitivity for small
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m, <4 GeV.

D. ALP scenario with g,y =0

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

— ; _ 2
8aw = O gayy - gchw»

8ayz = —2c080y sinfy gup - (53)

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

3a

8aFF = E&B C%v

(Y7, + Y%R)} log ATZ
w

3 ,a my,
+ EQFEg”wlOgmi% .

(54)

Note that the tree-level g,,, remains significantly lar-
ger than both the loop contribution gf;’y"y” and g,rr. The as-
sociated branching ratios for ALP decay processes are
drawn in Fig. \ref{br W}, demonstrating that the domin-
ant decay channel is Br(a — yy)~1 across the entire
ALP mass range. Furthermore, the decay branching ra-
tios into charged leptons are significantly suppressed to
below 0.01. This feature is consistent with other scenari-
os, which yield similar parameter constraints.

Based on 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. Note that for
gaw = 0, the flavor changing interactions in Eq. 12 vanish,
causing the relevant bounds (M, —» Mya, M; — M,ll and
meson mixings) to disappear. The only remaining physic-
al processes are Z boson-related interactions. For
m, <0.1GeV, the strongest bounds originate from
Br(Z — ya) with g,z < 10*3GeV"'. For m, > 0.1GeV, the
stringent  constraint arises from Z—3y with
2.5 < 107#2GeV™'. Other subsequent decays, such as
Z — all, provide relatively weak constraints, which are
entirely covered by the total decay width of the Z boson,
I';, as indicated in yellow. Additionally, the Pb-Pb colli-
sion constraints in black solid line dominate over Z-bo-
son 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-ee) 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 in magenta and
FCC-ee in orange. We find that FCC-ee offers signific-
antly better sensitivity compared to CEPC. Additionally,
they can act as complementary probes for ALPs, in com-
parison 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. In order to indicate the effects from two inde-
pendent couplings (g.» and g,p), we analyze four dis-
tinct scenarios under various values of couplings. The
couplings induce flavor-conserving ALP interactions with
SM fermions at the one-loop level, while g,y addition-
ally gives rise to flavor-changing ALP-quark couplings
within the framework of minimal flavor violation.

The relevant experimental constraints are illustrated
in Fig, 3. We clearly depict the bounds from each differ-
entphysical 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 — na, 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 (g., =0,
g3 =0, gus = gawtan’@y and g,y =0), we find that the
excluded region in the photophobic case is significantly
weaker than in the other three cases due to the enhanced
photon coupling at the tree level for the latter. The corres-
ponding excluded regions shift to the left panel for these
four scenarios along with the increased total ALP decay
width. Another distinct difference is that the bounds from
M, — M,ll move upper as the scenario transitions from
photophobic and g,z =0 ALPs to same-sign ALPs, even
vanish in the ALPs with g,v =0, indicating a gradual
weakening of constraints. Furthermore, Z — 3y in the last
three scenario provides much stricter bounds than in the
photophobic ALP case, owing to the enhanced branching
ratio a — yy. Additionally, Pb-Pb collisions provide strin-
gent constraints in m, = (1,100) GeV. Our finding high-
lights that rare meson decays, Z-boson decays, and Pb-Pb
collisions provide complementary probes of ALP para-
meter space, covering MeV and GeV mass scales respect-
ively.

The future experimental projections for ALP paramet-
ers are analyzed as shown in Fig. 5, including lepton col-
liders (CEPC, FCC-ee) and the Search for Hidden
Particles (SHiP). For lepton colliders operating near the Z
pole, the ALP production via e*e~ — Z — ya experiences
an enhancement factor of m/T’% = 1330, requiring an ana-
lysis of the corresponding projection. We find that FCC-
ee can provide better sensitivity than CEPC, allowing for
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probing regions beyond the bounds from rare meson de-

cays and Z boson decays. Moreover, SHiP can explore

deeper into smaller g,y values, fully surpassing the exist-
ing CHARM bounds. These indicate that future lepton
colliders and SHiP can offer enhanced sensitivity for

ALP parameters.
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