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Future lepton collider

Hadron Collider Lepton Collider

Signal MET+X MET+(X)

Control C.M. Energy No Yes

MET reconstruction No Yes

Background Huge Small

EWPT Reasonable Extreme
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Outline

• A’ search at e-e+ collider

• Higgs Portal search at e-e+ collider

• ALP for muon g-2 tested at e+e- collider

• Summary
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Vector Portal DM

✤ Interaction

Lint = Z̃µ

✓
gJµ

Z � gD
m2

ZtW
m2

Z �m2
A0

✏Jµ
D

◆
+ Ã0
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Ãµ

Ã0
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✤ Dark Sector Search @ Z factory 12
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Figure 3. The Feynmann diagrams for the 3-body decay process Z̃ ! Ã0SS⇤
! (`�`+)/E from vector portal

model with scalar DM and the Higgs bremstraulung process Z̃ ! Ã0�̃ ! (`�`+)(/E).

Figure 4. The 95% C.L. sensitivity for ✏ as a function of mÃ0 from exotic Z decay Z̃ ! (`+`�)/E. On
the left panel, it is 3-body decay Z̃ ! Ã0S⇤S ! (`+`�)/E, while the right panel is 2-body cascade decay
Z̃ ! Ã0�̃ ! (`+`�)(/E), and each bracket indicate one resonance in mass. We take gD = 0.01 and 4⇡ ,
mS = 0.8mK̃ . The constraints from exotic Z decay are labelled as CEPC Giga (Tera) Z, and also we show
an illustrative line for LEP luminosity 114pb�1. We also show limits from relic abundance, direct detection
and existing collider searches for comparison.

• Summary: In ??, LEP electroweak precision test, LHC Drell-Yan and Babar radiative return
searches can provide the direct constraints on ✏. For m

Ã0 < 10 GeV, Babar bounds ✏ . 10�3, while
LHC Drell-Yan provides complementary limit ✏ & 7 ⇥ 10�3 for m

Ã0 > 10 GeV. LEP electroweak
precision test is the weakest constraint among the three.

The constraints from relic abundance, direct detection and exotic Z decay rely on coupling
gD. For a fixed m

Ã0 , DM annihilation cross-section and direct detection scattering cross-section

are proportional to g2
D
. The coupling for the four point vertex Z̃µÃ0µS⇤S is proportional to ✏g2

D
,

while the coupling for three point vertex Z̃µÃ0µ�̃ is porportional to ✏gDmÃ0 . Therefore, the 3-body
decay width is proportional to g4

D
, while the 2-body cascade decay width is proportional to g2

D
.

For gD = 1, we see Tera Z could provide the strongest bounds at low m
Ã0 , while direct detection

provides better but comparable limits to exotic Z decay.

For comparison between 3-body and 2-body cascade decays, one might expect better constraint
from 2-body cascade decay because there are resonances in both lepton pair and missing energy in
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D
,
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Figure 4. The 95% C.L. sensitivity for ✏ as a function of mÃ0 from exotic Z decay Z̃ ! (`+`�)/E. On
the left panel, it is 3-body decay Z̃ ! Ã0S⇤S ! (`+`�)/E, while the right panel is 2-body cascade decay
Z̃ ! Ã0�̃ ! (`+`�)(/E), and each bracket indicate one resonance in mass. We take gD = 0.01 and 4⇡ ,
mS = 0.8mK̃ . The constraints from exotic Z decay are labelled as CEPC Giga (Tera) Z, and also we show
an illustrative line for LEP luminosity 114pb�1. We also show limits from relic abundance, direct detection
and existing collider searches for comparison.

• Summary: In ??, LEP electroweak precision test, LHC Drell-Yan and Babar radiative return
searches can provide the direct constraints on ✏. For m

Ã0 < 10 GeV, Babar bounds ✏ . 10�3, while
LHC Drell-Yan provides complementary limit ✏ & 7 ⇥ 10�3 for m

Ã0 > 10 GeV. LEP electroweak
precision test is the weakest constraint among the three.
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decay width is proportional to g4
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, while the 2-body cascade decay width is proportional to g2
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.

For gD = 1, we see Tera Z could provide the strongest bounds at low m
Ã0 , while direct detection

provides better but comparable limits to exotic Z decay.

For comparison between 3-body and 2-body cascade decays, one might expect better constraint
from 2-body cascade decay because there are resonances in both lepton pair and missing energy in

✤ Constraint results
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Higgs Portal DM

✤ Higgs Portal Lagrangian:
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< 0, which trigger spontaneous symmetry breaking

of the SM and hidden sector. (XW: If we set µ2
S
> 0, what will happen?) The tree-level
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Let us pause here to count the relevent free parameters for the scalars. The toal parameters are
nine including µS , µH , �1,2,3,4, �H and two vevs vH and vS . The extremum of potential eliminates
two of them, µS and µH . By changing to the frame that fields are mass eigenstates, the five
physical observable are m

h̃
, ms̃, vH , vS , and mixing angle sin↵, which are determined by seven

parameters. For the coe�cients �1 and �3 appearing in odd terms of S, with loss of generality, we
set them to 0. This can be achieved by adding some additional quantum number or Z2-symmetry
for S. Having observed that Higgs mass m

h̃
= 125 GeV and vH = 246 GeV, this leads to the final

three free parameters ms̃, vS and sin↵.

After introducing the interactions of the scalar and higgs, we list here the decay rates and
branching ratio relating to the scalar searches. In the case that the m

h̃
> 2ms̃, the higgs decays
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✤ Z factory Search

7

In ??, we choose m� close to ms̃/2 to compare with other limits. For non-resonance case, relic
abundance does not provide competative limits.(XW: “provide limits?”)

• Direct detection:

The DM � scattering with nuclei is mediated by t-channel scalar s̃ and h̃, which give the
possibility to detect DM via spin-independent Direct Dection. The spin independent scattering
cross-section with nucleon is calculated to be [38],

�SI =
µ2
nf

2
nm

2
n

⇡v2
H

g2� sin
2 ↵ cos2 ↵

 
1

m2
h̃

� m2
s̃

!2

, (13)

where µn is the reduced mass between DM and nucleon, fn ⇡ 0.3 is the Higgs-nucleon coupling,
and mn is the nucleon mass. We compare �SI with the limits from XENON1T [21], LUX [22],
PANDAX-II [23], and CRESST-II [24] as well as CDMSlite [25] for low mass DM, and show
the constraints in ??. The limist drops around ms̃ ⇠ 10 GeV, because below this mass Xenon
scintillators looses its sensitivity and CDMSlite becomes the dominant one.

• Existing collider constraints:

The current LHC limits from the Run 1 combination of ATLAS and CMS data constrains
BR(h ! inv)  0.23 [39, 40]. Following the h̃ invisible decay branching ratio in ??, the limits on
mixing angle sin↵ are given in ??, labelled as “BRinv < 0.23”. Moreover, the LHC has global fit to
Higgs data at 7 TeV and 8 TeV, which can constrain the single scaling factor to Higgs interactions
and gives sin↵ < 0.33 [41], and is also added in ??, labelled as “h̃ current global fit (LHC)”. The
high luminosity LHC (HL-LHC) can extend the reach to sin↵ < 0.28 (0.20) using 300fb�1 (3ab�1)
luminosity [42].

At LEP-II, the low mass invisible decaying Higgs has been searched in e+e� ! Z ! Z⇤h chan-
nel, where Z decays visibly and h decays invisiblly with integrated luminosity of ⇠ 114pb�1 [11].
The Higgs bremstraulung process Zh is also used with higher

p
s to limit on heavier Higgs upto

114.4 GeV [43–45]. The searches can put constraint on sin↵ for the similar process Zs̃, which we
give in ?? and labelled as “LEP-Zs-inv”. For the on-shell production of Zs̃ at FCC-ee, the sensi-
tivity on sin↵ has been estimated to be ⇠ 0.03 for ms̃ < 100 GeV [46]. The precision measurement
of the Higgs bremstraulung cross-section �(Zh) can reach the accuracy of O(0.3%�0.7%) expected
from 5� 10 ab�1 [47–49], which can probe the scalar mixing down to 0.055� 0.084 [46], which we
labelled as “��(Zh)”.
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Figure 1. The Feynmann diagram for exotic Z decay Z ! s̃Z⇤
! (�̄�) + `+`�. Note the Z is produced on

shell and followed by a three-body decay s̃`+`�, and the brakets for �̄� means they form a resonance.

Higgs Portal DM
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Figure 2. The 95% C.L. sensitivity for sin↵ from exotic Z decay Z ! s̃Z⇤
! (�̄�) + `+`� at Giga Z and

Tera Z options (CEPC Giga (Tera) Z), with y� = 0.1(1) in the left (right) panels. We also compare with
limits from DM direct detection, relic abundance, invisible Higgs BR from LHC [39, 40] (BRinv < 0.23) ,
current and future Higgs global fit from (h current global fit) [41, 42] with purple and magenta lines, low
mass Higgs searches in invisible channels (LEP-Zs-inv) [11, 43–45] , and precision measurement of �(Zh)
(��(Zh)) [47–49]. The dashed (solid) lines are for existing constraints (future prospects).

III.1.3. Prospects from exotic Z decay

• Exotic Z decay sensitivity:

At Giga (Tera) Z factory, we study the process Z ! s̃Z⇤
! (�̄�)+`+`�, with Feynman diagram

in ??, where s̃ decay to DM particles while o↵-shell Z⇤ decay to lepton pairs. We set constraints on
sin↵ using this process and plot them for Giga Z (Tera Z) in ??. The previous LEP experiment [11]
has searched the similar channel with Z⇤ decay to both hadronic and leptonic channels. The details
of the simulations and cuts are given in sec[?], where the limit on the exotic decay BR has been
calculated. After calculating the exotic decay BR, one can translate the constraints of decay BR
to physical variable sin↵. We have compare our analysis with LEP and found good agreement.
To be more specific, given “LEP-Zs-inv” has also worked on Z pole with an integrated luminosity
114pb�1, we normalize our result to the same luminosity and find the constraint is similar to the
LEP.

In the SM, Higgs can decay to diphoton or Z� via top loop and W loop. Due to the mixing
between s̃ and h̃, the mono-photon process Z ! �s̃ ! �(�̄�) is possible. We have checked this
process following the cuts in ?? and found its constraint on sin↵ is about one order weaker than
Z ! s̃Z⇤

! (�̄�) + `+`�. The main reasons are mono-photon decay is loop suppressed, and
furthermore mono-photon background is higher than `+`� + /E background. Therefore, we do not
put the constraint from mono-photon in ??.

• Summary:

From ??, we see the relic abundance provides constraints on sin↵ only when 2m� ⇠ ms̃, and
its limit depends on the tuning of masses. The indirect detection does not provide limits because
it is p-wave suppressed. The direct detection provides a stable constraint, which is not sensitive
to the resonant mass of ms̃ ⇠ 2m�, but it depends on the Yukawa coupling y�. The existing

Higgs Portal DM



Dark Portal:

★ Vector Portal:

★ Higgs Portal:

★ Axion portal:

★ Neutrino Portal:
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DM direct detection
Direct Detection:

Annihilation

J.L,X-P.Wang, F.Y, JHEP 06 (2017) 077
16



DM indirect detection
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Collider search
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Prospects for Higgs factory

mX = s + m2
Y − 2EY s

J.L,X-P.Wang, F.Y, JHEP 06 (2017) 077
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Prospects for CEPC

J.L,X-P.Wang, F.Y, JHEP 06 (2017) 077
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Outline

• A’ search at e-e+ collider

• Higgs Portal search at e-e+ collider

• ALP for muon g-2 tested at e+e- collider

• Summary
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✤ Constraints
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UV theories, such as string theory [30, 32, 34], and Supersymmetry [26–28]. It can be a portal
connecting dark matter with the standard model sector [31], and ultralight ALP is dark matter
candidate by coherent oscillating in the universe [115–117]. Recently the dynamics of ALP in the
universe has also been proposed to solve the Higgs hierarchy problem [118]. For our Z-factory
study, we are focusing on the mass range of ALP from 0.1 GeV to Z boson mass. Although we
focus on the case of ALP, our analysis and results in this section can be applied to scalar easily.

e�

e+

Z
a

�

�

�

Figure 7. The Feynman diagram for the exotic Z decay Z ! a� ! (��)�. The final state is 3� and in case
ma is too small to separate the two photons, the final state is 2�.
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Figure 8. The limit on ⇤aBB, ALP coupling to hypercharge field, from future Z-factory. The limits from
LEP I [119] �� search, LEP II (OPAL) 2� and 3� searches [120], , LEP (L3) 3� searche at Z pole [67],
ATLAS 3� and Z ! 3� [121, 122] search are translated to limits on ⇤aBB following [123]. There are three
type of signals Z ! 2�, 3� and /E�, depending on ma. In /E� final state where a decay outside the detector,
we have set the detector length to be 6 meter and LEP limits on this final state from L3 collaboration [64]
has been plotted.

Axion-like Particle
✤ Lagrangian:

LALP =
1

4⇤aBB
aBµ⌫B̃

µ⌫

✤ Search @ Z factory
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This interaction gives the decay rate of the ALP as

�(a ! ��) =
1

64⇡

1

⇤2
aBB

cos ✓4wm
3
a , (36)

and the rate of the Z decay,

�(Z ! �a) =
1

64⇡

1

⇤2
aBB

cos ✓2w sin ✓2wm
3
a . (37)

According to the a ! �� decay length, the analyses are performed in the two sperate regimes:
one is ALP decaying inside the detector; and the other is decaying outside the detector. For inside
decay, we focus on the prompt search, and the displaced vertex are not considered; and for outside
decay, the signal is monophoton +/E. The detector raidius in the cross section is set by 6 m, the
decay length of the ALP is computed adding the boost �a of the ALP, ` = �ac⌧ . A hard cut on
the decay length is applied here.

The current constraints for this operator are given by LEP and LHC photon searches. In fig ,
the LEP I uses inclusive di-photon search e+e� ! 2�+X covering the small mass region, where the
axion is boosted such that the diphotons from axion decay are merged into one photon signal in the
detector due to the resolution. In the higher mass region, the boost of the axion decrease and the
resolved another photon will improve the limits of the ALP model. The LEP II (OPAL) have 2�
and 3� data, which are employed to put the bounds on the process, e+e� ! �/Z?

! a� ! 2�+�.
ATLAS 3� and Z ! 3� search can be translated to the ALP bound as derived in [70].

In the Z-decay search, the ALP will give the Z-decay topology, Z ! /E + � and Z ! 3�,
depending the life-time of the axion particle. The CEPC potential limits on the ALP are given in
figure ??, which is about two order of magnitude better than the current constraints from LEP
and LHC. More details are presents later.

For /E + � search, the strongest bound from LEP comes from L3 collaboration with 137pb�1

data at the Z pole [13] as discussed in ??. It can limit the BR of exotic decay Z ! � /E down to
1.1⇥ 10�6 if photon energy is greater than ⇠ 30 GeV. It directly exclude ⇤aBB >?? for Z ! /E+ �
decay, and we label it as “L3 (/E�)” in ??.

e�

e+

Z
a

�

�

�

Figure 7.

IV. THE CLASSIFICATION OF EXOTIC Z DECAY CHANNELS

In ??, we have enumerated four well-motivated dark sector models, discussed their future
prospects via exotic Z decay, and compared their sensitivity to other limits. In ??, we will consider
exotic Z decay channels in a more general perspective, classifying them by final states, the number

J.L, L-T.W, X-P Wang, W.X, 
Phys.Rev.D 97 (2018) 9



Anomalous magnetic moment of the lepton

Introduction to g-2

23

Δaμ = aexp
μ − ath

μ = (25.1 ± 5.9) × 10−10

Positive value and a 4.2 σ (Fermilab + Brookhaven)



The Scalar for Muon g-2

ℒyuk = ϕℓ̄ (gR + igIγ5) ℓ

The 1-loop contribution to g-2

• For scalar, 


• For (psudo)scalar, 

Δaℓ > 0

Δaℓ < 0

The (pseudo)scalar Yukawa coupling to lepton

Δaℓ =
1

8π2 ∫
1

0
dx

(1 − x)2((1 + x)g2
R − (1 − x)g2

I )
(1 − x)2 + x (mϕ/mℓ)

2

24



Further requirement for pseudo-scalar 

The pseudo-scalar solution

ℒ = iyaψaψ̄γ5ψ +
1
4

gaγγaF̃F

�� � � � �

a

a a

� � �

�*/Z* �*/Z*
�

(1) (2) (3)

Figure 1. The loop diagrams with ALP for (g � 2)µ up to 2-loop level. The gauge bosons in

diagrams (2) and (3) are � and Z bosons.

�a3� = �
↵C

2
µµ

8⇡3

m
2
µ

f 2
a

[H�(2-loop) + h�(counter term)] , (15)

�a3Z = �
↵C

2
µµm

2
µ (4s

2
w � 1)2

128⇡3c2ws
2
wf

2
a

[HZ(2-loop) + hZ(counter term)] , (16)

where the H�/Z and h�/Z functions are

H� =

Z 1

0

dz
�2

2(�2 �m2
a)


�
2

3

m
2
a + 2m2

µ

m2
µ

B(m2
µ,ma,mµ) +

2

3

�2 + 2m2
µ

m2
µ

B(m2
µ,mµ,�)

+
�4

3m4
µ

ln

✓
m

2
µ

�2

◆
+

m
4
a

3m4
µ

ln

✓
m

2
a

m2
µ

◆
+

2

3

�2
�m

2
a

m2
µ

�
. (17)

HZ =

Z 1

0

dz
�2

�2 �m2
a


�
m

2
a(m

2
a + 2m2

µ)B(m2
µ,ma,mµ)

3(m2
a �m

2
Z)m

2
µ

+
m

6
a

6m4
µ(m

2
a �m

2
Z)

ln

✓
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2
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m2
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+
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2
Z
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2
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2
µ +m

2
Z)B(m2

µ,mZ ,mµ)

3m2
µ(m

2
a �m

2
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m

6
Z

6m4
µ(m

2
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ln

✓
m

2
Z

m2
µ

◆�

+
�2

3m2
µ

+
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3m2
µ(�

2 �m2
a)(�

2 �m
2
Z)

+
�8

6m4
µ(�

2 �m2
a)(�

2 �m
2
Z)

ln

✓
m

2
µ

�2

◆
, (18)

h� =ln

✓
⇤2

m2
µ

◆
+ 2�

x
2

6
ln(x) +

x

3
+

x+ 2

3

p
x(x� 4)ln

✓p
x� 4 +

p
x

2

◆
, (19)

hZ =ln

✓
⇤2

m
2
Z

◆
+

x(x+ 2)B(m2
µ,ma,mµ)

3(x� y)
+

y(2 + y)B(m2
µ,mZ ,mµ)

3(y � x)

+
(x+ 6 + y)

3
�

6x+ y
3
� 6y

6(x� y)
ln

✓
x

y

◆
�

x
2 + xy � 6 + y

2

6
ln (x) , (20)

7

• Assumes  remains essentially constant throughout 
the integration over virtual photon-loop momentum


•  and  can adjust its sign to give positive result

gaγγ

gaγγ yaℓ

γ

γμ μ

25



26

Complete calculation for ALP

The axion-like particle Lagrangian 

Δa3γ = −
c2

μμα
8π3

m2
μ

f 2
a

[Hγ(two loop) + hγ(counter term)]

γ

γ

mψ → ∞, Δa3γ → 0

ℒD≤5
eff  = ∑

f

Cff

2
∂μa
fa

f̄γμγ5 f +
αCγγ

4π
a
fa

FμνF̃μν +
αCγZ

2πswcw

a
fa

FμνZ̃μν +
αCZZ

4πs2
wc2

w

a
fa

ZμνZ̃μν

+
αCWW

πs2
w

a
fa

ϵμνρσ∂μWν
+∂ρWσ

−+…

Cγγ = CWW+CBB CγZ = c2
wCWW−s2

wCBB CZZ = c4
wCWW+s4

wCBB

γ/Z

γ/Za
ψ

γ/Za

Δa2Z =
αcγzcμμm2

μ (4s2
w − 1)

32π3c2
ws2

w f 2
a

⋅ hZ(x, y, μ)

Δa3Z = −
αc2

μμm2
μ (4s2

w − 1)2

128π3c2
ws2

w f 2
a

[HZ(two loop) + hZ(counter term)]
mψ → ∞, Δa3 → 0
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Muon g-2 solution  Cww = 0

ma=1GeV
ma=5GeV
ma=10GeV
ma=50GeV
ma=70GeV
ma=80GeV
ma=100GeV
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- Cμμ
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γγ f a
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1 ]
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Figure 2. The bands in the axion couplings which can give an explanation to the (g� 2)µ anomaly

at 2� confidence level. Di↵erent bands correspond to di↵erent choices of axion mass ma. We set

the cut-o↵ scale, ⇤, to be 1 TeV and the axion-W coupling CWW = 0.

III. THE CONSTRAINTS FROM EXISTING SEARCHES AND PROJECTION

OF FUTURE PROBES

The model of ALP with an explanation for the (g� 2)µ anomaly can lead to a rich set of

experimental signals. For example, there are many existing experiments searching for light

new particles in a similar mass range, which can set stringent limits on ALP couplings. In

section IIIA, we will go through the existing experiments and check how they can constrain

the above parameter space. It turns out that most of the interesting parameter space capable

of explaining the (g � 2)µ anomaly is still viable under the existing constraints.

In addition, the above couplings can lead to exotic Z decay Z ! a� and Z ! aµ
+
µ
�,

as shown in Fig. 3, with relevant branching ratios presented in Fig. 4. These are the main

decay channels we will be considering in this paper. We discuss the limits from the Z-pole

run at future electron-positron colliders in section III B and found it can decisively exclude

the ALP solution up to ma ⇠ 85 GeV. In this section, we will focus on the simpler case

10

• In g-2 solution region, 
mostly decay to 




• The inclusion of  diagram 
makes some difference for 
large 


• Exotic Z decay should 
happen

a → μ+μ−

Z

ma

    J.L, X.-L.M,L-T.W, X-P,Wang,  
arXiv:2210.09335



Existing constraints Cww = 0

• Constraining  coupling only: 


• Belle-II, LEP: 



• LHC: 

a-γ

e+e− → aγ → (γγ)γ
pp → aγ → (γγ)γ
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Figure 8. The constraints from various existing experiments and future projections from Z factories

(CEPC and FCC-ee) from exotic Z decay searches Z ! a� ! (��)�, Z ! a� ! (µ+µ�)� and

Z ! aµ+µ�
! (µ+µ�)µ+µ�. The parameter space of (g� 2)µ solution is plotted in the red band.

We set CWW = 0, and ⇤ = 1 TeV in g � 2 calculation.

covered by Z-factory searching for Z ! (µ+
µ
�)� and Z ! (µ+

µ
�)µ+

µ
�, which benefit from

the vanishing BR(a ! ��). Together with Z ! (��)�, the Z-factory can cover the rest

of the parameter space relevant for an explanation of the (g � 2)µ anomaly up to ma . 85

GeV, providing a decisive check for the ALP solution to (g � 2)µ and is complementary to

other existing experiments.

Fig. 9 presents the existing constraints and future reaches in the Cµµ(C��)/fa�ma plane,

where we place the existing ones in the top panel and future ones in the bottom panel. To

focus further on the relevant part of the parameter region, we will impose the condition that

the parameter which is not plotted is chosen so that an explanation of the (g� 2)µ anomaly

is possible. In the left panel, we choose Cµµ and ma as free parameters, while C�� is chosen

to be the minimal value which can give an explanation to the (g � 2)µ anomaly at 2� level.

In the right panel, we choose the minimal Cµµ in a similar way. The only exception is the
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Figure 8. The constraints from various existing experiments and future projections from Z factories

(CEPC and FCC-ee) from exotic Z decay searches Z ! a� ! (��)�, Z ! a� ! (µ+µ�)� and

Z ! aµ+µ�
! (µ+µ�)µ+µ�. The parameter space of (g� 2)µ solution is plotted in the red band.

We set CWW = 0, and ⇤ = 1 TeV in g � 2 calculation.

covered by Z-factory searching for Z ! (µ+
µ
�)� and Z ! (µ+

µ
�)µ+

µ
�, which benefit from

the vanishing BR(a ! ��). Together with Z ! (��)�, the Z-factory can cover the rest

of the parameter space relevant for an explanation of the (g � 2)µ anomaly up to ma . 85

GeV, providing a decisive check for the ALP solution to (g � 2)µ and is complementary to

other existing experiments.

Fig. 9 presents the existing constraints and future reaches in the Cµµ(C��)/fa�ma plane,

where we place the existing ones in the top panel and future ones in the bottom panel. To

focus further on the relevant part of the parameter region, we will impose the condition that

the parameter which is not plotted is chosen so that an explanation of the (g� 2)µ anomaly

is possible. In the left panel, we choose Cµµ and ma as free parameters, while C�� is chosen

to be the minimal value which can give an explanation to the (g � 2)µ anomaly at 2� level.

In the right panel, we choose the minimal Cµµ in a similar way. The only exception is the
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A. Constraints from current results of light particle searches

We focus on two final states, one is a + � and the other is a + f̄f . In addition, axion

decay channels, a ! �� and a ! µ
+
µ
�, are considered. In the following, we will go through

the relevant experiments and set the limits on the ALP couplings to muon and photon.

1. Constraints from searches for final states of a+ �

ALP together with a photon can show up as final states from either exotic Z decay

Z ! a� or the s-channel o↵-shell photons and Z bosons production e
+
e
�
! �

⇤
/Z

⇤
! a�,

though couplings C�� and C�Z (for CWW = 0, C�Z is fixed by C��) as shown in Fig. 5. Since

both Cµµ and C�� are non-zero in order to account for the (g � 2)µ anomaly, the ALP will

decay to µ
+
µ
� and ��. Therefore, the experimental searches for (��) + � and (µ+

µ
�) + �

final states, where the bracket indicates the two particles inside form a resonance, should be

sensitive to this class of models.

Z

�

�

�

�
�

�
a a a

e+

e�
Z*/�*

(1) (2) (3)

��
�

�+
a

Z

Figure 5. Feynman diagrams corresponding to a+ � final states in various experimental searches.

The diagram (1) is related to LEP/L3/ATLAS [64–66] with on-shell Z ! (��)�, while diagrams

(2) and (3) are related to OPAL searches for e+e� ! (��)� via o↵-shell �/Z [62] and on-shell

Z ! (µ+µ�)� [63] respectively.

• Two photon final state ��. There have been a large number of relevant searches at LEP

and LHC which focus on multi-photon final state. For very low mass ALPs, the two

photons decayed from boosted ALPs are too collimated to be resolved by the detector.

Therefore, the two photons will be recognized as one single photon. As a result, in the

12

    J.L, X.-L.M,L-T.W, X-P,Wang,  
arXiv:2210.09335
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Existing constraints Cww = 0

• Constraining  coupling only: 


• BaBar: recast 


• CMS( ): 

a-μ
e+e− → μ+μ−Z′ 

4μ pp → μ+μ−ϕ
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Figure 8. The constraints from various existing experiments and future projections from Z factories
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Z ! aµ+µ�
! (µ+µ�)µ+µ�. The parameter space of (g� 2)µ solution is plotted in the red band.

We set CWW = 0, and ⇤ = 1 TeV in g � 2 calculation.

covered by Z-factory searching for Z ! (µ+
µ
�)� and Z ! (µ+

µ
�)µ+

µ
�, which benefit from

the vanishing BR(a ! ��). Together with Z ! (��)�, the Z-factory can cover the rest

of the parameter space relevant for an explanation of the (g � 2)µ anomaly up to ma . 85

GeV, providing a decisive check for the ALP solution to (g � 2)µ and is complementary to

other existing experiments.

Fig. 9 presents the existing constraints and future reaches in the Cµµ(C��)/fa�ma plane,

where we place the existing ones in the top panel and future ones in the bottom panel. To

focus further on the relevant part of the parameter region, we will impose the condition that

the parameter which is not plotted is chosen so that an explanation of the (g� 2)µ anomaly

is possible. In the left panel, we choose Cµµ and ma as free parameters, while C�� is chosen

to be the minimal value which can give an explanation to the (g � 2)µ anomaly at 2� level.

In the right panel, we choose the minimal Cµµ in a similar way. The only exception is the
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in Ref. [15]. We adapt the results to our model with both C�� and Cµµ couplings.

However, with the choice CWW = 0, it only shows up in the left panel in Fig. 9, where

our choice of minimal C�� leads to larger BR(a ! µ
+
µ
�). In the right panel of Fig. 9,

this limit is not relevant and the constraints are dominated by the photon final state

searches.

2. Constraints from searches for final states of a+ f̄f

a a
�+

�+

��
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�+
Z*/�* Z*/�*

Z*/�* f

f̄

e+/q̄ e+/q̄

e�/qe�/q

(1)

��

(2)

Figure 6. Feynman diagrams corresponding to a+ ff̄ final states experiments searches. Diagram

(1) are related to collider searches e+e�/pp ! (µ+µ�)ff̄ at BaBar [59, 60],CMS [58, 67], and

diagram (2) are also related to collider searches e+e�/pp ! (µ+µ�)µ+µ� at CMS [58],BaBar [60].

The relevant processes with this class of final states are shown in Fig. 6. Depending

on whether the fermion is muon lepton or not, this final state can be classified into two

categories.

• A muon pair together with a pair of other fermions (µ+
µ
�) + f̄f . If the associated

fermions are not muons, the ALP should be generated through axion-gauge couplings

alone as shown in the left panel of Fig. 6. In this case, to recast the experiment limits

to our model, we need to rescale the constraint on axion-gauge couplings by taking

into account the a ! µ
+
µ
� branching ratio.

Several experimental searches belong to this category. The CMS collaboration has

analyzed multilepton final states in search for new scalar or pseudoscalar particles,
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• CMS( ): t̄t + 2μ
pp → t̄tϕ → t̄t(μ+μ−)
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other existing experiments.
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where we place the existing ones in the top panel and future ones in the bottom panel. To
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However, with the choice CWW = 0, it only shows up in the left panel in Fig. 9, where

our choice of minimal C�� leads to larger BR(a ! µ
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�). In the right panel of Fig. 9,

this limit is not relevant and the constraints are dominated by the photon final state
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Figure 6. Feynman diagrams corresponding to a+ ff̄ final states experiments searches. Diagram

(1) are related to collider searches e+e�/pp ! (µ+µ�)ff̄ at BaBar [59, 60],CMS [58, 67], and

diagram (2) are also related to collider searches e+e�/pp ! (µ+µ�)µ+µ� at CMS [58],BaBar [60].

The relevant processes with this class of final states are shown in Fig. 6. Depending

on whether the fermion is muon lepton or not, this final state can be classified into two

categories.

• A muon pair together with a pair of other fermions (µ+
µ
�) + f̄f . If the associated

fermions are not muons, the ALP should be generated through axion-gauge couplings

alone as shown in the left panel of Fig. 6. In this case, to recast the experiment limits

to our model, we need to rescale the constraint on axion-gauge couplings by taking

into account the a ! µ
+
µ
� branching ratio.

Several experimental searches belong to this category. The CMS collaboration has

analyzed multilepton final states in search for new scalar or pseudoscalar particles,
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Outline

• A’ search at e-e+ collider

• Higgs Portal search at e-e+ collider

• ALP for muon g-2 tested at e+e- collider

• Summary
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22

exotic decay topologies nres models

Z ! /E + �

Z ! �1�2,�2 ! �1� 0 2A: 1⇤ �̄2�µ⌫�1Bµ⌫ (MIDM)

Z ! ��̄� 0 2B: 1
⇤3 �̄�Bµ⌫Bµ⌫ (RayDM)

Z ! a� ! (/E)� 1 2C: 1
⇤2C

aBµ⌫B̃µ⌫ (long-lived ALP)

Z ! A0� ! (�̄�)� 1 2D: ✏µ⌫⇢�A0
µB⌫@⇢B� (WZ terms)

Z ! /E + ��

Z ! �dA0 ,�d ! (��), A0
! (�̄�) 2 3A: Vector portal

Z ! �H�A, �H ! (��), �A !

(�̄�)
2 3B: 2HDM extension

Z ! �2�1, �2 ! �1�, � ! (��) 1 3C: Inelastic DM

Z ! �2�2, �2 ! ��1 0 3D: MIDM

Z ! /E + `+`�

Z ! �dA0, A0
! (`+`�), �d !

(�̄�)
2 4A: Vector portal

Z ! A0SS ! (``)SS 1 4B: Vector portal

Z ! �(Z⇤/�⇤) ! �`+`� 1 4C: Long-lived ALP, Higgs portal

Z ! �2�1 ! �1A0�1 ! (`+`�)/E 1 4D: Vector portal and Inelastic DM

Z ! �2�1, �2 ! �1`+`� 0 4E: MIDM, SUSY

Z ! �̄�`+`� 0 4F: RayDM, slepton, heavy lepton mixing

Z ! /E + JJ similar to /E + `+`�

Z ! (JJ)(JJ)

Z ! �dA0,�d ! jj, A0
! jj 2 6A: Vector portal + Higgs portal

Z ! �dA0,�d ! bb̄, A0
! jj 2 6B: vector portal + Higgs portal

Z ! �dA0,�d ! bb̄, A0
! bb̄ 2 6C: vector portal + Higgs portal

Z ! ��� Z ! �� ! (��)� 1 7A: ALP, Higgs portal

Table I. Classification of exotic Z decay channels by particles in final state and number of resonances (nres).
The � and �1 are fermionic DM, �2 is an excited state of DM, while S is scalar DM. The final state J could
be either light flavor jet j or heavy flavor jet b. The A0 is the dark photon, the �s are usually intermediate
scalars. The bracket () indicates a resonance in the final state. The details of the models have been discussed
in the text.
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V. CONCLUSION AND DISCUSSION
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Figure 15.

We have presented a comprehensive study on exotic Z decay at future Z factory, emphasizing
its prospects to exploring dark sector models. There are many dark sector models can modify Z
boson decay, and naturally containing missing energy in the final state. This is the main reason
we look for exotic Z decay at FCC-ee, because hadron collider can not reconstruct Z boson decay
with missing energy and thus it can only provide limits in the indirect way, e.g. searching for
mono object, or Drell-Yan production of intermediate particles. We have demonstrated the ability
of exotic Z decay at future Z factory to provide the leading constraint comparing with existing
collider limits, future LHC projections, and current DM searches.

We have listed four representative models in ??, namely Higgs portal with DM, MIDM and
RayDM, Vector portal with DM and axion-like particle model. For each model, we write down the
Lagrangian and work out the interactions related to mass eigenstate Z boson and its relevance in
the exotic Z decay.

In Higgs portal model with DM, the decay topology Z ! s̃Z⇤
! (�̄�) + `+`� in ?? has been

studied at future Z factory, which can provide a leading constraint on mixing angle sin↵ between
SM Higgs and dark singlet scalar mediator. The constraint from Z ! s̃� via loop e↵ect has also
been considered, but is weaker due to loop suppression and larger SM background.

In MIDM and RayDM model, the decay topologies Z ! �2�1 ! (�1�)�1 from MIDM operator
and Z ! �1�1� from RayDM operator has been considered. Both operators can be originated
from heavy fermions and scalars in the loop, which couples to DM. The MIDM operator can
provide a much better constraint comparing with RayDM operator, and it is also much better than
gamma-line search in indirect detection and future hadron collider projections.

In Vector portal model with DM, the decay topologies Z̃ ! Ã0SS⇤
! (`+`�)/E and Z̃ !

Ã0�̃ ! `+`�(/E) are studied, where the first one simply arise when DM is a scalar and charged
under U(1)D and the second one is a dark Higgs bremstraulung process. We found that the limits
from the exotic Z decay provides a competative and complementary constraints with DM direct
detection, while the other collider limits are much weaker.
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