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Probing dark sector with Z-factories 

• Can the future e⁺e⁻ colliders (exotic Z decay) search for dark 
sector? 
 
Is it better than other searches? 
     dark matter direct and indirect detection experiments  
      colliders 

• How many Z will be produced? 
Giga Z (10⁹)   22.9 fb⁻¹   
Tera Z (10¹²)   22.9 ab⁻¹ 

• the existing LEP searches 
Z → 3 γ  
Z → ℓ⁺ℓ⁻ + invisible 
…



6

Plan
• starting from models 

•  Higgs portal   
      mixing with Higgs  
 vector portal  
     mixing with U(1)Y gauge fields 

• axion-like particles 
higher dimensional operators  
   

• model independent 
classified by final states, topologies and resonances
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Figure 1. The Feynman diagram for exotic Z decay Z ! s̃Z⇤ ! (�̄�) + `+`�. Note the Z is produced on
shell and followed by a three-body decay s̃`+`�, and the parentheses for �̄� indicates they are from the
decay of a resonance .

Figure 2. The 95% C.L. sensitivity for sin↵ from exotic Z decay Z ! s̃Z⇤ ! (�̄�) + `+`� at Giga (Tera)
Z-factory, 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 the LHC [87, 88] (BRh̃
inv < 0.23), the high luminosity (3 ab�1) LHC

projection (BRh̃
inv . 0.08�0.16) [89, 90] and future e+e� collider (BRh̃

inv . 0.003) [4, 91] , current and future
Higgs global fit from (h current global fit) [92, 93] with purple and magenta lines, low mass Higgs searches
in invisible channels (LEP-Zs-inv) [61, 94–96], and precision measurement of �(Zh) (��(Zh)) [1, 4, 98]. The
dashed (solid) lines are for existing constraints (future prospects).

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 114 pb�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 section IV.2 and found its constraint on sin↵ is about one order of
magnitude weaker than Z ! s̃Z⇤ ! (�̄�) + `+`�. The main reason is mono-photon decay is
loop suppressed. Furthermore, mono-photon background is higher than `+`� + /E background.
Therefore, we do not put the constraint from mono-photon in fig. 2.
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Higgs portal + fermionic DM

• S and higgs mixing 
 
 
mixing angle α  

• linking to dark matter χ 

• exotic Z decays   
(MET+ℓ⁺ℓ⁻, 1 resonance)

L = �y�S�̄�
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III.1.1. Model

We start with a fermionic DM, �, interacting with a singlet real scalar S. S couples to SM via
Higgs portal, and DM � is stable due to the U(1)� symmetry [15, 78–84].

The general Lagrangian of the simplified model is written down as follows [15],

L =
1

2
@µS@

µS � µ2

S

2
S2 � �

3

6
S3 � �

4

24
S4 � �

1

⇣
H†H

⌘
S � �

2

⇣
H†H

⌘
S2

+ �̄
�
i/@ � m0

�

�
� � y�S�̄�+ |DµH|2 � µ2

H

⇣
H†H

⌘
� �H

⇣
H†H

⌘
2

. (1)

We assume µ2

H < 0 and µ2

S < 0, which trigger spontaneous symmetry breaking of the SM and
hidden sector. The tree-level vacuum stability condition requires �H > 0, �

4

> 0; and if �
2

< 0,
|�

2

| > p
�H�

4

/24 should be satisfied. In the broken phase, the Higgs and the singlet scalar obtain
their vacuum expectation values (vevs) vH and vS , respectively,

H =
1p
2
(vH + h) , S = vS + s . (2)

Accordingly, the DM mass m0

� is shifted to m� = m0

� + y�vS , which is treated as a free parameter
here. Adding the extrema condition that @sV = 0 and @hV = 0, where V is the scalar potential,
we will have the mass matrix of s and h,

M2

11

= 2�Hv2H ,

M2

12

= M2

21

= (�
1

+ 2�
2

vS) vH ,

M2

22

= ��
1

v2H
2vS

+
�
3

vS
2

+
�
4

v2S
3

. (3)

The scalar mass eigenstates h̃ and s̃ are obtained via the following rotation,

0

B@
h̃

s̃

1

CA =

0

B@
cos↵ � sin↵

sin↵ cos↵

1

CA

0

B@
h

s

1

CA , (4)

where

tan(2↵) =
2M2

12

M2

22

� M2

11

. (5)

The mass of h̃ and s̃ are

m2

˜h,s̃
=

1

2

✓
M2

11

+M2

22

±
q�

M2

11

� M2

22

�
2

+ 4(M2

12

)2
◆

. (6)

Let us pause here to count the relevant free parameters for the scalars. There are nine parameters
including µS , µH , �

1,2,3,4, �H and two vevs vH and vS . The extrema conditions eliminate two of
them: µS and µH . By changing to mass eigenstate basis, the five physical observable are m

˜h,
ms̃, vH , vS , and mixing angle sin↵, which are determined by seven parameters. Without losing
generality, we set the coe�cients �

1

and �
3

appearing in odd terms of S to be 0, which can be
achieved by adding some additional quantum number or Z

2

-symmetry for S. Having observed that
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Figure 1. The Feynman diagram for exotic Z decay Z ! s̃Z⇤ ! (�̄�) + `+`�. Note the Z is produced on
shell and followed by a three-body decay s̃`+`�, and the parentheses for �̄� indicates they are from the
decay of a resonance .

Figure 2. The 95% C.L. sensitivity for sin↵ from exotic Z decay Z ! s̃Z⇤ ! (�̄�) + `+`� at Giga (Tera)
Z-factory, 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 the LHC [87, 88] (BRh̃
inv < 0.23), the high luminosity (3 ab�1) LHC

projection (BRh̃
inv . 0.08�0.16) [89, 90] and future e+e� collider (BRh̃

inv . 0.003) [4, 91] , current and future
Higgs global fit from (h current global fit) [92, 93] with purple and magenta lines, low mass Higgs searches
in invisible channels (LEP-Zs-inv) [61, 94–96], and precision measurement of �(Zh) (��(Zh)) [1, 4, 98]. The
dashed (solid) lines are for existing constraints (future prospects).

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 114 pb�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 section IV.2 and found its constraint on sin↵ is about one order of
magnitude weaker than Z ! s̃Z⇤ ! (�̄�) + `+`�. The main reason is mono-photon decay is
loop suppressed. Furthermore, mono-photon background is higher than `+`� + /E background.
Therefore, we do not put the constraint from mono-photon in fig. 2.
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Higgs portal + fermionic DM

• higgs invisible decay 
 (h→ss) 

• indirect detection (p-wave)  
direct detection (> 10 GeV) 
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Figure 1. The Feynman diagram for exotic Z decay Z ! s̃Z⇤ ! (�̄�) + `+`�. Note the Z is produced on
shell and followed by a three-body decay s̃`+`�, and the parentheses for �̄� indicates they are from the
decay of a resonance .
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Figure 2. The 95% C.L. sensitivity for sin↵ from exotic Z decay Z ! s̃Z⇤ ! (�̄�) + `+`� at Giga (Tera)
Z-factory, 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 the LHC [87, 88] (BRh̃
inv < 0.23), the high luminosity (3 ab�1) LHC

projection (BRh̃
inv . 0.08�0.16) [89, 90] and future e+e� collider (BRh̃

inv . 0.003) [4, 91] , current and future
Higgs global fit from (h current global fit) [92, 93] with purple and magenta lines, low mass Higgs searches
in invisible channels (LEP-Zs-inv) [61, 94–96], and precision measurement of �(Zh) (��(Zh)) [1, 4, 98]. The
dashed (solid) lines are for existing constraints (future prospects).

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 114 pb�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 section IV.2 and found its constraint on sin↵ is about one order of
magnitude weaker than Z ! s̃Z⇤ ! (�̄�) + `+`�. The main reason is mono-photon decay is
loop suppressed. Furthermore, mono-photon background is higher than `+`� + /E background.
Therefore, we do not put the constraint from mono-photon in fig. 2.
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Vector portal + scalar DM
• A’ and U(1)Y gauge field B mixing 
 
 
A’ mix with Z and photon  
 

• linking to scalar dark matter

L =
✏

2cW
Bµ⌫A0

µ⌫ + · · ·
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• Summary:
From fig. 2, we see the relic abundance provides constraints on sin↵ only in the fine-tuned

scenario with 2m� ⇠ ms̃. The indirect detection does not provide limits because it is p-wave
suppressed. The direct detection provides a useful constraint, which is not sensitive to the resonant
mass of ms̃ ⇠ 2m�. At the same time, it depends on the size of the Yukawa coupling y�. The
existing and future Higgs global fit from the LHC does not provide competitive limits in comparison
with precision measurement of �(Zh), while invisible decay BR of SM Higgs provides a pretty good
limit down to sin↵ ⇠ O(10�2 � 10�3) via the existing LHC data. At the HL-LHC (3 ab�1), the
reach of invisible BR is about 0.08 � 0.16 [89, 90], which provides only a moderate improvement
of the limit. The future sensitivity of BRh

inv

is expected to reach ⇠ 0.003 at future e+e� collider
[1, 4, 91], which can improve the limits by a factor of ⇠ 8.7.

The proposed exotic Z decay Z ! s̃Z⇤ ! (inv)+`+`� can cover sin↵ down to ⇠ 10�2 (10�3) for
Giga Z (Tera Z), and such constraints do not rely much on value of y� and � mass. The constraints
from exotic Z decay are superior than most of the existing and future searches, and only invisible
SM Higgs decay search at the future Higgs-factories can provide competitive limits.

III.2. Vector portal DM

Vector portal, as another simple extension of the SM physics, employs a massive U(1) dark
photon connecting the SM sector and the hidden sector [17–22]. The searches for vector portal
DM and the vector field itself attract world-wide e↵ort (see review [6–8] and references therein).
Various experiments, such as fixed target, e+e� and pp colliders, are aiming to find such dark
photon, especially utilizing its coupling to `+`�. Aside from decaying to SM fermions, the invisible
decays of the dark photon are directly related to DM, which can be searched by radiative return
process, meson decay and missing energy events in scattering processes [6–8].

The dark photon A0, as a U(1) gauge field in the hidden sector, can mix with SM hypercharge
U(1)Y field Bµ through a renormalizable operator,

L = �1

4
Bµ⌫B

µ⌫ � 1

4
A0

µ⌫A
0

µ⌫ +
✏

2cW
Bµ⌫A

0

µ⌫ +
1

2
m2

A0

A0

µA0

µ, (14)

where ✏ is the kinetic mixing parameter and cW is the cosine of the weak angle. The mass of
the dark photon, mA0 can be obtained from Higgs mechanism in the dark sector. Interestingly,
this underlying mechanism is related to our previous Higgs portal DM. We ignore here (possibly
interesting) dynamics of the dark Higgs 2 . We can always rotate away the kinetic mixing terms
and work in the mass eigenstate basis. The rotation is non-unitary and is written down up to
O(✏2) [99],

0

BBBBB@

Zµ

Aµ

A0

µ

1

CCCCCA
=

0

BBBBBB@

1 0
m2

A0

tW
�m2

A0

+m2

Z

✏

0 1 ✏

m2

ZtW
m2

A0

� m2

Z

✏ 0 1

1

CCCCCCA

0

BBBBB@

Z̃µ

Ãµ

Ã0

µ

1

CCCCCA
, (15)

where tW is the tangent of the weak angle. This formula does not apply to the region that A0 mass
is pretty close to the mass of Z boson. In the rest of the paper, we work on the mass eigenstates of

2 The mass of A0 usually needs Higgs mechanism to break U(1)D and obtain a vev, therefore it requires a complex
scalar � charged under U(1)D. It naturally provides exotic Z decay signature Z ! A0� from Z-A0 mixing.
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these gauge fields; without ambiguities, Ã and Ã0 are used to represent the mass eigenstates. After
this rotation, the way that the currents couples to gauge fields are changed, and the interactions
between vectors and currents up to O(✏2) are written as follows,

L
int

= Z̃µ

✓
gJµ

Z � gD
m2

ZtW
m2

Z � m2

A0

✏Jµ
D

◆
+ Ã0

µ

✓
gDJ

µ
D + g

m2

A0

tW
m2

Z � m2

A0

✏Jµ
Z + e✏Jµ

em

◆
+ ÃµeJ

µ
em

, (16)

The massless photon Ã couples to the electromagnetic current J
em

. The dark photon couples to
dark U(1) currents JD; after the field rotating, a ✏ suppressed coupling to J

em

and JZ arises. The
Z̃ boson couples to JZ , and has the coupling to the dark currents with ✏ suppression.

III.2.1. scalar vector-portal DM

• Model:
In this model, we introduce a complex scalar as DM, charged under the U(1)D, and this scalar

DM interacts with the SM particles via the dark photon A0. The relevant interactions can be
written as follows,

LS = (@µS + igDA
0

µS)
⇤(@µS + igDA

0

µS) � m2

SS
⇤S . (17)

For m2

S > 0 and considering Z
2

symmetry, hSi = 0 and S is stable. From eq. (15,16), it is clear
that there is coupling between Z, A0 and S,

LS � g2DS
⇤S

✓
Ã0

µ + ✏
m2

ZtW
(m2

A0

� m2

Z)
Z̃µ

◆
2

, (18)

which can provide interesting signal for the exotic Z decay, Z̃ ! Ã0S⇤S from the leading ✏ terms in
the Lagrangian. To have this signal, we must have this process kinematically allowed, m

˜A0

+2mS <

mZ . We will focus on the region that mS > 1

2

m
˜A0

, such that the Ã0 decay dominantly to SM
particles, rather than invisible DM pair.3

The spontaneous symmetry breaking through dark Higgs � is a simple mechanism to give mass
to S and A0. The di↵erence from S is that there is no exact Z

2

symmetry to make � stable, but
the Lagrangian is similar to eq. (17),

L� = (@µ�+ igDA
0

µ�)
⇤(@µ�+ igDA

0

µ�) + �
2

S⇤S�⇤� � µ2

�|�|2 � �
4

4
|�|4 (19)

After symmetry breaking h�i 6= 0, A0 and S get their mass. When � is much heavier than S and
A0, it can be integrated out, and eq. (17) is enough to describe the process related to DM and
various searches. When � mass is smaller or comparable to the mass of S and A0, � need to be
considered. In this case, � can be produced at collider and decay back to 2S or 2Ã0.
• DM relic abundance and indirect detection:

If mS > m
˜A0

, the dominant process controlling the freeze-out is SS⇤ ! Ã0Ã0. The thermal
cross-section is

�v(SS⇤ ! Ã0Ã0) =
g4D

16⇡m2

S

(8 � 8y2 + 3y4)
p

1 � y2

(2 � y2)2
, (20)

3 This assumption can be relaxed, and the constraints should be rescaled accordingly to the branching ratio of Ã0

to SM particles.
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Figure 3. The Feynman diagrams for the 3-body decay process Z̃ ! Ã0SS⇤ ! (`�`+)/E from vector portal
model with scalar DM and the Higgs bremsstrahlung process Z̃ ! Ã0�̃ ! (`�`+)(/E).

Figure 4. The 95% C.L. sensitivity for ✏ as a function of mÃ0 from exotic Z decay Z̃ ! (`+`�)/E. The
3-body decay channel Z̃ ! Ã0S⇤S ! (`+`�)/E is shown in the left panel, while the 2-body cascade decay
channel Z̃ ! Ã0�̃ ! (`+`�)(/E) is shown in the right panel. We take gD = 0.1 and 1 , mS = 0.8mK̃ .
The constraints from exotic Z decay are labeled as Giga (Tera) Z, and also we show an illustrative line for
LEP luminosity 114 pb�1. We also show limits from relic abundance, direct detection and existing collider
searches for comparison.

with mS = 0.8m
˜A0

and m
˜� = 1.7m

˜A0

. Given that �̃ has negligible coupling to SM sector, the relic
abundance, indirect detection and direct detection are similar to the left panel of fig. 4.

• Summary: As shown in fig. 4, LEP electroweak precision test, LHC Drell-Yan, Babar radiative
return and LHCb di-muon inclusive searches can provide the direct constraints on ✏. For m

˜A0

< 10
GeV, Babar bounds ✏ . 10�3, while LHC Drell-Yan and LHCb provide complementary limits
✏ & 5 ⇥ 10�3 for m

˜A0

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

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

˜A0

, DM annihilation cross-section and direct detection

scattering cross-section are proportional to g2D. The coupling for the four point vertex Z̃µÃ0µS⇤S
is proportional to ✏g2D, while the coupling for three point vertex Z̃µÃ0µ�̃ is proportional to ✏gDm ˜A0

.
Therefore, the 3-body decay width is proportional to g4D, while the 2-body cascade decay width is
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Figure 3. The Feynman diagrams for the 3-body decay process Z̃ ! Ã0SS⇤ ! (`�`+)/E from vector portal
model with scalar DM and the Higgs bremsstrahlung process Z̃ ! Ã0�̃ ! (`�`+)(/E).

Figure 4. The 95% C.L. sensitivity for ✏ as a function of mÃ0 from exotic Z decay Z̃ ! (`+`�)/E. The
3-body decay channel Z̃ ! Ã0S⇤S ! (`+`�)/E is shown in the left panel, while the 2-body cascade decay
channel Z̃ ! Ã0�̃ ! (`+`�)(/E) is shown in the right panel. We take gD = 0.1 and 1 , mS = 0.8mK̃ .
The constraints from exotic Z decay are labeled as Giga (Tera) Z, and also we show an illustrative line for
LEP luminosity 114 pb�1. We also show limits from relic abundance, direct detection and existing collider
searches for comparison.

with mS = 0.8m
˜A0

and m
˜� = 1.7m

˜A0

. Given that �̃ has negligible coupling to SM sector, the relic
abundance, indirect detection and direct detection are similar to the left panel of fig. 4.

• Summary: As shown in fig. 4, LEP electroweak precision test, LHC Drell-Yan, Babar radiative
return and LHCb di-muon inclusive searches can provide the direct constraints on ✏. For m

˜A0

< 10
GeV, Babar bounds ✏ . 10�3, while LHC Drell-Yan and LHCb provide complementary limits
✏ & 5 ⇥ 10�3 for m

˜A0

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

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

˜A0

, DM annihilation cross-section and direct detection

scattering cross-section are proportional to g2D. The coupling for the four point vertex Z̃µÃ0µS⇤S
is proportional to ✏g2D, while the coupling for three point vertex Z̃µÃ0µ�̃ is proportional to ✏gDm ˜A0

.
Therefore, the 3-body decay width is proportional to g4D, while the 2-body cascade decay width is

( MET+ℓ⁺ℓ⁻, 1 resonance) φ gives mass to S and A’ 
( MET+ℓ⁺ℓ⁻, 2 resonances )
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Vector portal + scalar DM
• A’ and U(1)Y gauge field B mixing 
 
 
A’ mix with Z and photon  
 

• linking to scalar dark matter

L =
✏

2cW
Bµ⌫A0

µ⌫ + · · ·
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• Summary:
From fig. 2, we see the relic abundance provides constraints on sin↵ only in the fine-tuned

scenario with 2m� ⇠ ms̃. The indirect detection does not provide limits because it is p-wave
suppressed. The direct detection provides a useful constraint, which is not sensitive to the resonant
mass of ms̃ ⇠ 2m�. At the same time, it depends on the size of the Yukawa coupling y�. The
existing and future Higgs global fit from the LHC does not provide competitive limits in comparison
with precision measurement of �(Zh), while invisible decay BR of SM Higgs provides a pretty good
limit down to sin↵ ⇠ O(10�2 � 10�3) via the existing LHC data. At the HL-LHC (3 ab�1), the
reach of invisible BR is about 0.08 � 0.16 [89, 90], which provides only a moderate improvement
of the limit. The future sensitivity of BRh

inv

is expected to reach ⇠ 0.003 at future e+e� collider
[1, 4, 91], which can improve the limits by a factor of ⇠ 8.7.

The proposed exotic Z decay Z ! s̃Z⇤ ! (inv)+`+`� can cover sin↵ down to ⇠ 10�2 (10�3) for
Giga Z (Tera Z), and such constraints do not rely much on value of y� and � mass. The constraints
from exotic Z decay are superior than most of the existing and future searches, and only invisible
SM Higgs decay search at the future Higgs-factories can provide competitive limits.

III.2. Vector portal DM

Vector portal, as another simple extension of the SM physics, employs a massive U(1) dark
photon connecting the SM sector and the hidden sector [17–22]. The searches for vector portal
DM and the vector field itself attract world-wide e↵ort (see review [6–8] and references therein).
Various experiments, such as fixed target, e+e� and pp colliders, are aiming to find such dark
photon, especially utilizing its coupling to `+`�. Aside from decaying to SM fermions, the invisible
decays of the dark photon are directly related to DM, which can be searched by radiative return
process, meson decay and missing energy events in scattering processes [6–8].

The dark photon A0, as a U(1) gauge field in the hidden sector, can mix with SM hypercharge
U(1)Y field Bµ through a renormalizable operator,

L = �1

4
Bµ⌫B

µ⌫ � 1

4
A0

µ⌫A
0

µ⌫ +
✏

2cW
Bµ⌫A

0

µ⌫ +
1

2
m2

A0

A0

µA0

µ, (14)

where ✏ is the kinetic mixing parameter and cW is the cosine of the weak angle. The mass of
the dark photon, mA0 can be obtained from Higgs mechanism in the dark sector. Interestingly,
this underlying mechanism is related to our previous Higgs portal DM. We ignore here (possibly
interesting) dynamics of the dark Higgs 2 . We can always rotate away the kinetic mixing terms
and work in the mass eigenstate basis. The rotation is non-unitary and is written down up to
O(✏2) [99],
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Aµ

A0

µ

1

CCCCCA
=

0

BBBBBB@

1 0
m2

A0

tW
�m2

A0

+m2

Z

✏

0 1 ✏

m2

ZtW
m2

A0

� m2

Z

✏ 0 1

1

CCCCCCA

0

BBBBB@

Z̃µ

Ãµ

Ã0

µ

1

CCCCCA
, (15)

where tW is the tangent of the weak angle. This formula does not apply to the region that A0 mass
is pretty close to the mass of Z boson. In the rest of the paper, we work on the mass eigenstates of

2 The mass of A0 usually needs Higgs mechanism to break U(1)D and obtain a vev, therefore it requires a complex
scalar � charged under U(1)D. It naturally provides exotic Z decay signature Z ! A0� from Z-A0 mixing.
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these gauge fields; without ambiguities, Ã and Ã0 are used to represent the mass eigenstates. After
this rotation, the way that the currents couples to gauge fields are changed, and the interactions
between vectors and currents up to O(✏2) are written as follows,

L
int

= Z̃µ

✓
gJµ

Z � gD
m2

ZtW
m2

Z � m2

A0

✏Jµ
D

◆
+ Ã0

µ

✓
gDJ

µ
D + g

m2

A0

tW
m2

Z � m2

A0

✏Jµ
Z + e✏Jµ

em

◆
+ ÃµeJ

µ
em

, (16)

The massless photon Ã couples to the electromagnetic current J
em

. The dark photon couples to
dark U(1) currents JD; after the field rotating, a ✏ suppressed coupling to J

em

and JZ arises. The
Z̃ boson couples to JZ , and has the coupling to the dark currents with ✏ suppression.

III.2.1. scalar vector-portal DM

• Model:
In this model, we introduce a complex scalar as DM, charged under the U(1)D, and this scalar

DM interacts with the SM particles via the dark photon A0. The relevant interactions can be
written as follows,

LS = (@µS + igDA
0

µS)
⇤(@µS + igDA

0

µS) � m2

SS
⇤S . (17)

For m2

S > 0 and considering Z
2

symmetry, hSi = 0 and S is stable. From eq. (15,16), it is clear
that there is coupling between Z, A0 and S,

LS � g2DS
⇤S

✓
Ã0

µ + ✏
m2

ZtW
(m2

A0

� m2

Z)
Z̃µ

◆
2

, (18)

which can provide interesting signal for the exotic Z decay, Z̃ ! Ã0S⇤S from the leading ✏ terms in
the Lagrangian. To have this signal, we must have this process kinematically allowed, m

˜A0

+2mS <

mZ . We will focus on the region that mS > 1

2

m
˜A0

, such that the Ã0 decay dominantly to SM
particles, rather than invisible DM pair.3

The spontaneous symmetry breaking through dark Higgs � is a simple mechanism to give mass
to S and A0. The di↵erence from S is that there is no exact Z

2

symmetry to make � stable, but
the Lagrangian is similar to eq. (17),

L� = (@µ�+ igDA
0

µ�)
⇤(@µ�+ igDA

0

µ�) + �
2

S⇤S�⇤� � µ2

�|�|2 � �
4

4
|�|4 (19)

After symmetry breaking h�i 6= 0, A0 and S get their mass. When � is much heavier than S and
A0, it can be integrated out, and eq. (17) is enough to describe the process related to DM and
various searches. When � mass is smaller or comparable to the mass of S and A0, � need to be
considered. In this case, � can be produced at collider and decay back to 2S or 2Ã0.
• DM relic abundance and indirect detection:

If mS > m
˜A0

, the dominant process controlling the freeze-out is SS⇤ ! Ã0Ã0. The thermal
cross-section is

�v(SS⇤ ! Ã0Ã0) =
g4D

16⇡m2

S

(8 � 8y2 + 3y4)
p

1 � y2

(2 � y2)2
, (20)

3 This assumption can be relaxed, and the constraints should be rescaled accordingly to the branching ratio of Ã0

to SM particles.
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Figure 3. The Feynman diagrams for the 3-body decay process Z̃ ! Ã0SS⇤ ! (`�`+)/E from vector portal
model with scalar DM and the Higgs bremsstrahlung process Z̃ ! Ã0�̃ ! (`�`+)(/E).

Figure 4. The 95% C.L. sensitivity for ✏ as a function of mÃ0 from exotic Z decay Z̃ ! (`+`�)/E. The
3-body decay channel Z̃ ! Ã0S⇤S ! (`+`�)/E is shown in the left panel, while the 2-body cascade decay
channel Z̃ ! Ã0�̃ ! (`+`�)(/E) is shown in the right panel. We take gD = 0.1 and 1 , mS = 0.8mK̃ .
The constraints from exotic Z decay are labeled as Giga (Tera) Z, and also we show an illustrative line for
LEP luminosity 114 pb�1. We also show limits from relic abundance, direct detection and existing collider
searches for comparison.

with mS = 0.8m
˜A0

and m
˜� = 1.7m

˜A0

. Given that �̃ has negligible coupling to SM sector, the relic
abundance, indirect detection and direct detection are similar to the left panel of fig. 4.

• Summary: As shown in fig. 4, LEP electroweak precision test, LHC Drell-Yan, Babar radiative
return and LHCb di-muon inclusive searches can provide the direct constraints on ✏. For m

˜A0

< 10
GeV, Babar bounds ✏ . 10�3, while LHC Drell-Yan and LHCb provide complementary limits
✏ & 5 ⇥ 10�3 for m

˜A0

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

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

˜A0

, DM annihilation cross-section and direct detection

scattering cross-section are proportional to g2D. The coupling for the four point vertex Z̃µÃ0µS⇤S
is proportional to ✏g2D, while the coupling for three point vertex Z̃µÃ0µ�̃ is proportional to ✏gDm ˜A0

.
Therefore, the 3-body decay width is proportional to g4D, while the 2-body cascade decay width is
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model with scalar DM and the Higgs bremsstrahlung process Z̃ ! Ã0�̃ ! (`�`+)(/E).

Figure 4. The 95% C.L. sensitivity for ✏ as a function of mÃ0 from exotic Z decay Z̃ ! (`+`�)/E. The
3-body decay channel Z̃ ! Ã0S⇤S ! (`+`�)/E is shown in the left panel, while the 2-body cascade decay
channel Z̃ ! Ã0�̃ ! (`+`�)(/E) is shown in the right panel. We take gD = 0.1 and 1 , mS = 0.8mK̃ .
The constraints from exotic Z decay are labeled as Giga (Tera) Z, and also we show an illustrative line for
LEP luminosity 114 pb�1. We also show limits from relic abundance, direct detection and existing collider
searches for comparison.

with mS = 0.8m
˜A0

and m
˜� = 1.7m

˜A0

. Given that �̃ has negligible coupling to SM sector, the relic
abundance, indirect detection and direct detection are similar to the left panel of fig. 4.

• Summary: As shown in fig. 4, LEP electroweak precision test, LHC Drell-Yan, Babar radiative
return and LHCb di-muon inclusive searches can provide the direct constraints on ✏. For m

˜A0

< 10
GeV, Babar bounds ✏ . 10�3, while LHC Drell-Yan and LHCb provide complementary limits
✏ & 5 ⇥ 10�3 for m

˜A0

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

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

˜A0

, DM annihilation cross-section and direct detection

scattering cross-section are proportional to g2D. The coupling for the four point vertex Z̃µÃ0µS⇤S
is proportional to ✏g2D, while the coupling for three point vertex Z̃µÃ0µ�̃ is proportional to ✏gDm ˜A0

.
Therefore, the 3-body decay width is proportional to g4D, while the 2-body cascade decay width is

( MET+ℓ⁺ℓ⁻, 1 resonance) φ gives mass to S and A’ 
( MET+ℓ⁺ℓ⁻, 2 resonances )
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• A’ and U(1)Y gauge field B mixing 
 
 
A’ mix with Z and photon  
 

• linking to scalar dark matter

L =
✏

2cW
Bµ⌫A0

µ⌫ + · · ·
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• Summary:
From fig. 2, we see the relic abundance provides constraints on sin↵ only in the fine-tuned

scenario with 2m� ⇠ ms̃. The indirect detection does not provide limits because it is p-wave
suppressed. The direct detection provides a useful constraint, which is not sensitive to the resonant
mass of ms̃ ⇠ 2m�. At the same time, it depends on the size of the Yukawa coupling y�. The
existing and future Higgs global fit from the LHC does not provide competitive limits in comparison
with precision measurement of �(Zh), while invisible decay BR of SM Higgs provides a pretty good
limit down to sin↵ ⇠ O(10�2 � 10�3) via the existing LHC data. At the HL-LHC (3 ab�1), the
reach of invisible BR is about 0.08 � 0.16 [89, 90], which provides only a moderate improvement
of the limit. The future sensitivity of BRh

inv

is expected to reach ⇠ 0.003 at future e+e� collider
[1, 4, 91], which can improve the limits by a factor of ⇠ 8.7.

The proposed exotic Z decay Z ! s̃Z⇤ ! (inv)+`+`� can cover sin↵ down to ⇠ 10�2 (10�3) for
Giga Z (Tera Z), and such constraints do not rely much on value of y� and � mass. The constraints
from exotic Z decay are superior than most of the existing and future searches, and only invisible
SM Higgs decay search at the future Higgs-factories can provide competitive limits.

III.2. Vector portal DM

Vector portal, as another simple extension of the SM physics, employs a massive U(1) dark
photon connecting the SM sector and the hidden sector [17–22]. The searches for vector portal
DM and the vector field itself attract world-wide e↵ort (see review [6–8] and references therein).
Various experiments, such as fixed target, e+e� and pp colliders, are aiming to find such dark
photon, especially utilizing its coupling to `+`�. Aside from decaying to SM fermions, the invisible
decays of the dark photon are directly related to DM, which can be searched by radiative return
process, meson decay and missing energy events in scattering processes [6–8].

The dark photon A0, as a U(1) gauge field in the hidden sector, can mix with SM hypercharge
U(1)Y field Bµ through a renormalizable operator,

L = �1

4
Bµ⌫B

µ⌫ � 1

4
A0

µ⌫A
0

µ⌫ +
✏

2cW
Bµ⌫A

0

µ⌫ +
1

2
m2

A0

A0

µA0

µ, (14)

where ✏ is the kinetic mixing parameter and cW is the cosine of the weak angle. The mass of
the dark photon, mA0 can be obtained from Higgs mechanism in the dark sector. Interestingly,
this underlying mechanism is related to our previous Higgs portal DM. We ignore here (possibly
interesting) dynamics of the dark Higgs 2 . We can always rotate away the kinetic mixing terms
and work in the mass eigenstate basis. The rotation is non-unitary and is written down up to
O(✏2) [99],
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0
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m2
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Z

✏

0 1 ✏
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� m2

Z

✏ 0 1
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CCCCCCA
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BBBBB@

Z̃µ

Ãµ

Ã0

µ

1

CCCCCA
, (15)

where tW is the tangent of the weak angle. This formula does not apply to the region that A0 mass
is pretty close to the mass of Z boson. In the rest of the paper, we work on the mass eigenstates of

2 The mass of A0 usually needs Higgs mechanism to break U(1)D and obtain a vev, therefore it requires a complex
scalar � charged under U(1)D. It naturally provides exotic Z decay signature Z ! A0� from Z-A0 mixing.
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these gauge fields; without ambiguities, Ã and Ã0 are used to represent the mass eigenstates. After
this rotation, the way that the currents couples to gauge fields are changed, and the interactions
between vectors and currents up to O(✏2) are written as follows,

L
int

= Z̃µ

✓
gJµ

Z � gD
m2

ZtW
m2

Z � m2

A0

✏Jµ
D

◆
+ Ã0

µ

✓
gDJ

µ
D + g

m2

A0

tW
m2

Z � m2

A0

✏Jµ
Z + e✏Jµ

em

◆
+ ÃµeJ

µ
em

, (16)

The massless photon Ã couples to the electromagnetic current J
em

. The dark photon couples to
dark U(1) currents JD; after the field rotating, a ✏ suppressed coupling to J

em

and JZ arises. The
Z̃ boson couples to JZ , and has the coupling to the dark currents with ✏ suppression.

III.2.1. scalar vector-portal DM

• Model:
In this model, we introduce a complex scalar as DM, charged under the U(1)D, and this scalar

DM interacts with the SM particles via the dark photon A0. The relevant interactions can be
written as follows,

LS = (@µS + igDA
0

µS)
⇤(@µS + igDA

0

µS) � m2

SS
⇤S . (17)

For m2

S > 0 and considering Z
2

symmetry, hSi = 0 and S is stable. From eq. (15,16), it is clear
that there is coupling between Z, A0 and S,

LS � g2DS
⇤S

✓
Ã0

µ + ✏
m2

ZtW
(m2

A0

� m2

Z)
Z̃µ

◆
2

, (18)

which can provide interesting signal for the exotic Z decay, Z̃ ! Ã0S⇤S from the leading ✏ terms in
the Lagrangian. To have this signal, we must have this process kinematically allowed, m

˜A0

+2mS <

mZ . We will focus on the region that mS > 1

2

m
˜A0

, such that the Ã0 decay dominantly to SM
particles, rather than invisible DM pair.3

The spontaneous symmetry breaking through dark Higgs � is a simple mechanism to give mass
to S and A0. The di↵erence from S is that there is no exact Z

2

symmetry to make � stable, but
the Lagrangian is similar to eq. (17),

L� = (@µ�+ igDA
0

µ�)
⇤(@µ�+ igDA

0

µ�) + �
2

S⇤S�⇤� � µ2

�|�|2 � �
4

4
|�|4 (19)

After symmetry breaking h�i 6= 0, A0 and S get their mass. When � is much heavier than S and
A0, it can be integrated out, and eq. (17) is enough to describe the process related to DM and
various searches. When � mass is smaller or comparable to the mass of S and A0, � need to be
considered. In this case, � can be produced at collider and decay back to 2S or 2Ã0.
• DM relic abundance and indirect detection:

If mS > m
˜A0

, the dominant process controlling the freeze-out is SS⇤ ! Ã0Ã0. The thermal
cross-section is

�v(SS⇤ ! Ã0Ã0) =
g4D

16⇡m2

S

(8 � 8y2 + 3y4)
p

1 � y2

(2 � y2)2
, (20)

3 This assumption can be relaxed, and the constraints should be rescaled accordingly to the branching ratio of Ã0

to SM particles.
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Figure 3. The Feynman diagrams for the 3-body decay process Z̃ ! Ã0SS⇤ ! (`�`+)/E from vector portal
model with scalar DM and the Higgs bremsstrahlung process Z̃ ! Ã0�̃ ! (`�`+)(/E).

Figure 4. The 95% C.L. sensitivity for ✏ as a function of mÃ0 from exotic Z decay Z̃ ! (`+`�)/E. The
3-body decay channel Z̃ ! Ã0S⇤S ! (`+`�)/E is shown in the left panel, while the 2-body cascade decay
channel Z̃ ! Ã0�̃ ! (`+`�)(/E) is shown in the right panel. We take gD = 0.1 and 1 , mS = 0.8mK̃ .
The constraints from exotic Z decay are labeled as Giga (Tera) Z, and also we show an illustrative line for
LEP luminosity 114 pb�1. We also show limits from relic abundance, direct detection and existing collider
searches for comparison.

with mS = 0.8m
˜A0

and m
˜� = 1.7m

˜A0

. Given that �̃ has negligible coupling to SM sector, the relic
abundance, indirect detection and direct detection are similar to the left panel of fig. 4.

• Summary: As shown in fig. 4, LEP electroweak precision test, LHC Drell-Yan, Babar radiative
return and LHCb di-muon inclusive searches can provide the direct constraints on ✏. For m

˜A0

< 10
GeV, Babar bounds ✏ . 10�3, while LHC Drell-Yan and LHCb provide complementary limits
✏ & 5 ⇥ 10�3 for m

˜A0

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

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

˜A0

, DM annihilation cross-section and direct detection

scattering cross-section are proportional to g2D. The coupling for the four point vertex Z̃µÃ0µS⇤S
is proportional to ✏g2D, while the coupling for three point vertex Z̃µÃ0µ�̃ is proportional to ✏gDm ˜A0

.
Therefore, the 3-body decay width is proportional to g4D, while the 2-body cascade decay width is
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Figure 4. The 95% C.L. sensitivity for ✏ as a function of mÃ0 from exotic Z decay Z̃ ! (`+`�)/E. The
3-body decay channel Z̃ ! Ã0S⇤S ! (`+`�)/E is shown in the left panel, while the 2-body cascade decay
channel Z̃ ! Ã0�̃ ! (`+`�)(/E) is shown in the right panel. We take gD = 0.1 and 1 , mS = 0.8mK̃ .
The constraints from exotic Z decay are labeled as Giga (Tera) Z, and also we show an illustrative line for
LEP luminosity 114 pb�1. We also show limits from relic abundance, direct detection and existing collider
searches for comparison.

with mS = 0.8m
˜A0

and m
˜� = 1.7m

˜A0

. Given that �̃ has negligible coupling to SM sector, the relic
abundance, indirect detection and direct detection are similar to the left panel of fig. 4.

• Summary: As shown in fig. 4, LEP electroweak precision test, LHC Drell-Yan, Babar radiative
return and LHCb di-muon inclusive searches can provide the direct constraints on ✏. For m

˜A0

< 10
GeV, Babar bounds ✏ . 10�3, while LHC Drell-Yan and LHCb provide complementary limits
✏ & 5 ⇥ 10�3 for m

˜A0

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

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

˜A0

, DM annihilation cross-section and direct detection

scattering cross-section are proportional to g2D. The coupling for the four point vertex Z̃µÃ0µS⇤S
is proportional to ✏g2D, while the coupling for three point vertex Z̃µÃ0µ�̃ is proportional to ✏gDm ˜A0

.
Therefore, the 3-body decay width is proportional to g4D, while the 2-body cascade decay width is
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Vector portal + scalar DM

• dark photon searches  
BaBar and LHCb 

• indirect detection (p-wave)  
direct detection (> 10 GeV) 

12

e�

e+

Z̃
Ã�
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Figure 4. The 95% C.L. sensitivity for ✏ as a function of mÃ0 from exotic Z decay Z̃ ! (`+`�)/E. The
3-body decay channel Z̃ ! Ã0S⇤S ! (`+`�)/E is shown in the left panel, while the 2-body cascade decay
channel Z̃ ! Ã0�̃ ! (`+`�)(/E) is shown in the right panel. We take gD = 0.1 and 1 , mS = 0.8mK̃ .
The constraints from exotic Z decay are labeled as Giga (Tera) Z, and also we show an illustrative line for
LEP luminosity 114 pb�1. We also show limits from relic abundance, direct detection and existing collider
searches for comparison.

with mS = 0.8m
˜A0

and m
˜� = 1.7m

˜A0

. Given that �̃ has negligible coupling to SM sector, the relic
abundance, indirect detection and direct detection are similar to the left panel of fig. 4.

• Summary: As shown in fig. 4, LEP electroweak precision test, LHC Drell-Yan, Babar radiative
return and LHCb di-muon inclusive searches can provide the direct constraints on ✏. For m

˜A0

< 10
GeV, Babar bounds ✏ . 10�3, while LHC Drell-Yan and LHCb provide complementary limits
✏ & 5 ⇥ 10�3 for m

˜A0

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

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

˜A0

, DM annihilation cross-section and direct detection

scattering cross-section are proportional to g2D. The coupling for the four point vertex Z̃µÃ0µS⇤S
is proportional to ✏g2D, while the coupling for three point vertex Z̃µÃ0µ�̃ is proportional to ✏gDm ˜A0

.
Therefore, the 3-body decay width is proportional to g4D, while the 2-body cascade decay width is
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Figure 3. The Feynman diagrams for the 3-body decay process Z̃ ! Ã0SS⇤ ! (`�`+)/E from vector portal
model with scalar DM and the Higgs bremsstrahlung process Z̃ ! Ã0�̃ ! (`�`+)(/E).
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Figure 4. The 95% C.L. sensitivity for ✏ as a function of mÃ0 from exotic Z decay Z̃ ! (`+`�)/E. The
3-body decay channel Z̃ ! Ã0S⇤S ! (`+`�)/E is shown in the left panel, while the 2-body cascade decay
channel Z̃ ! Ã0�̃ ! (`+`�)(/E) is shown in the right panel. We take gD = 0.1 and 1 , mS = 0.8mK̃ .
The constraints from exotic Z decay are labeled as Giga (Tera) Z, and also we show an illustrative line for
LEP luminosity 114 pb�1. We also show limits from relic abundance, direct detection and existing collider
searches for comparison.

with mS = 0.8m
˜A0

and m
˜� = 1.7m

˜A0

. Given that �̃ has negligible coupling to SM sector, the relic
abundance, indirect detection and direct detection are similar to the left panel of fig. 4.

• Summary: As shown in fig. 4, LEP electroweak precision test, LHC Drell-Yan, Babar radiative
return and LHCb di-muon inclusive searches can provide the direct constraints on ✏. For m

˜A0

< 10
GeV, Babar bounds ✏ . 10�3, while LHC Drell-Yan and LHCb provide complementary limits
✏ & 5 ⇥ 10�3 for m

˜A0

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

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

˜A0

, DM annihilation cross-section and direct detection

scattering cross-section are proportional to g2D. The coupling for the four point vertex Z̃µÃ0µS⇤S
is proportional to ✏g2D, while the coupling for three point vertex Z̃µÃ0µ�̃ is proportional to ✏gDm ˜A0

.
Therefore, the 3-body decay width is proportional to g4D, while the 2-body cascade decay width is
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and middle panels of fig. 6, we vary DM mass m�1 from 0 to 40 GeV. Since its mass is much smaller
than the required photon pT and MET, we expect the constraint to be similar as m�1 = 10 GeV.
For mono-photon search at the LHC 14 TeV with 300 fb�1, the corresponding limit is estimated
to be ⇤

MIDM

& 8200 GeV [109], and labeled as “mono-�” in fig. 6.

e+

e�

Z
�2

�1

�1

�

e+

e�

Z

�

�1

�1

Figure 5. The Feynman diagrams for the cascade decay process Z ! �2�1 ! �1�1� from OMIDM and the
three-body process Z ! �1�1� from ORayDM.

Figure 6. The 95% C.L. sensitivity for M from exotic Z decay Z ! /E + �, for MIDM operator in the left
(middle) panels with di↵erent mass splitting and for Rayleigh operator in the right panel. The constraints
are labeled as Giga Z and Tera Z for future Z-factory with � = 4⇡, and the LEP limit from [64] is shown. We
also compare the limits from DM direct detection, indirect detection searches, mono-photon, and mono-jet
searches at the LHC. For RayDM, the gamma-ray constraints from Fermi-LAT and CMB use long dashed
line for O�5

RayDM and dashed line for ORayDM. For collider limits, the two operators are similar and for
spin-independent direct detection limits, only ORayDM is constrained.

For the MIDM case, it is interesting to note that, when m�2 = m�1 , the exotic Z decay Z ! /E�
loses its sensitivity at Z -factory, and also for mono-photon search at the LHC. The mono-jet search
will be better than the mono-photon search in this case. Moreover, [109] pointed out that actually
the invisible decay width measurement of Z can beat the mono-jet search at the LHC 14 TeV with
3 ab�1 integrated luminosity, which suggest M & 226 GeV for m�1,2 = 10 GeV. We have plotted
the invisible Z width constraint in panel (a) of fig. 6.

Given the high center of mass energy at the LHC, it can search for the EW charged particles
 and � directly from Drell-Yan production and their subsequent cascade decays [114]. The Drell-
Yan search could be more restrictive than mono object searches, but this conclusion is very model
dependent, see [114]. For example, when  and � are SU(2)L singlet, or they decay dominantly to
tau lepton and (or) gauge bosons, the sensitivity from Drell-Yan is very poor, even at the LHC 14
TeV with 300 fb�1.
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Higher dimensional Operators
• Magnetic inelastic DM (MIDM) and Rayleigh DM (RayDM)  

• from the same UV theory (χ has Dirac and Majorana mass)  
 
 
 

• exotic Z decays 

( MET + γ, 0 res ) ( MET + γ, 0 res )
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III.3.1. Model

The two models, the MIDM and RayDM, can be derived from the same UV model [40],

L = �̄(i/@ � m�)�� 1

2
�m�̄c�+  ̄(i /D � M ) + (Dµ�)†(Dµ�) � M2

��
†�+ (� ̄��+ h.c.). (28)

� is fermionic DM with a Dirac mass term m� and Majorana mass term �m. It interacts with scalar
� and another fermion  via a Yukawa coupling. The Dirac and Majorana mass terms can split
DM � into two Majorana fermion �

1

and �
2

, where we assume m�2 > m�1 . The fermion  and
scalar � have the same charge under SM gauge group SU(2)L ⇥ U(1)Y [40]. The dark matter will
couple to photon via  and � loop. Integrating out  and � will generate two higher dimensional
operators. The first operator is MIDM operator [36–38], and the second is RayDM operator [39].
Both of them are given below,

O
MIDM

=
1

⇤
MIDM

�̄
2

�µ⌫�
1

Bµ⌫ + h.c., O
RayDM

=
1

⇤3

RayDM

�̄
1

�
1

Bµ⌫Bµ⌫ . (29)

Note there are also operators including �
5

in the DM bilinear, which corresponds the electric dipole
operator. For RayDM, the corresponding one is

O�5
RayDM

=
i

⇤3

RayDM

�̄
1

�
5

�
1

Bµ⌫B̃µ⌫ , (30)

where B̃µ⌫ = ✏µ⌫↵�B↵� and ✏µ⌫↵� is the anti-symmetric Levi-Civita symbol. The interaction scale
⇤ has been calculated in [40]

1

⇤
MIDM

⇡ �2gY
64⇡2M 

,
1

⇤3

RayDM

⇡ �2g2Y
48⇡2M3

 

, (31)

where we have assumed that  and � are singlet under SU(2)L and are charged under U(1)Y . In
eq. (31), we have assumed � mass is similar to M and we take the form factor function to be O(1).
These two operators can lead to the cascade decay Z ! �

2

�
1

! (�
1

�)�
1

and the three-body decay
Z ! �

1

�
1

� at Z-factory, with Feynman diagrams given in fig. 5. In the exotic Z decay study, we
will choose a significant mass splitting between �

1

and �
2

, to get a hard photon signal which can
be detected at Z-factories.

With this setup, we see that decay topologies Z ! �
2

�
1

! (�
1

�)�
1

and Z ! �
1

�
1

� in
fig. 5 can be easily achieved. In the perspective of model building, the cascade decay channel
Z ! �

2

�
2

! (�
1

�)(�
1

�) would be more complicated. In particular, if �
2

is Majorana fermion,
the dipole term �̄

2

�µ⌫�2

will vanish. One would add new species of Dirac fermion DM �, then the
Yukawa term in eq. (28) becomes �i ̄�i�, where i is the number of species [109]. In this case, one
can have �̄i�µ⌫�j in MIDM operator and �̄i�j in RayDM operator, which provide rich cascade
decays for exotic Z decay.

III.3.2. DM relic abundance, indirect and direct searches, and collider constraints

• Relic abundance and Indirect detection:
We focus on the case that there is a significant mass splitting between �

2

and �
1

, which can
give rise to interesting photon signal in exotic Z-decay. In this case, the relevant annihilation
initial state contains only �

1

. The annihilation rate is dominated by the Rayleigh operator into
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Higher dimensional operator
• UV model

• Interactions: Magnetic inelastic DM and Rayleigh DM (Weiner, Yavin)
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III.3.1. Model

The Lagrangian of this model is given by [63],

L = �̄(i/@ � m�)�� 1

2
�m�̄c�+  ̄(i /D � M ) + (Dµ�)†(Dµ�) � M2

��
†�+ (� ̄��+ h.c.), (34)

where Dµ = @µ � igW i
µ⌧

i � igY /2Bµ, M is the mass for  , M� is the mass for �, and � is the
singlet fermionic DM with both Dirac and Majorana mass terms. These mass term can split DM
� into two Majorana fermion �

1

and �
2

. The fermion  and scalar � have the same charge under
SM gauge group SU(2)L ⇥ U(1)Y [63]. The dark matter can couple to photon via  and � loop,
and introduce two higher dimension operators. The first operator is Magnetic dipole DM (MIDM)
operator [59–61], while the second is Rayleigh DM (RayDM) operator [62] and are given below,

O
MIDM

=
1

⇤
MIDM

�̄
2

�µ⌫�
1

Bµ⌫ + h.c., O
RayDM

=
1

⇤3

RayDM

�̄
1

�
1

Bµ⌫Bµ⌫ . (35)

These two operators can lead to the cascade decay Z ! �
2

�
1

! (�
1

�)�
1

and the three-body decay
Z ! �

1

�
1

� at Z factory, with Feynmann diagrams given in fig. 5. In the exotic Z decay study, we
will choose a significant mass splitting between �

1

and �
2

, to get a hard photon signal which can
be detected at FCC-ee. The interaction scale ⇤ has been calculated in [63]

1

⇤
MIDM

⇡ �2gY
32⇡2M 

,
1

⇤3

RayDM

⇡ �2g2Y
24⇡2M3

 

, (36)

where we have simply assumed  and � are singlet under SU(2)L and are charged under U(1)Y .
In eq. (36), we have assumed � mass is similar to M and we take the form factor function to be
O(1).

We have successfully motivated decay topologies Z ! �
2

�
1

! (�
1

�)�
1

and Z ! �
1

�
1

� in fig. 5,
and we want to motivate another cascade decay Z ! �

2

�
2

! (�
1

�)(�
1

�) via MIDM operator.
However, if �

2

is Majorana fermion, the dipole term �̄
2

�µ⌫�2

will vanish. Note one can add many
spicies of Dirac fermion DM �, then the Yukawa term in eq. (34) becomes �i ̄�i�, where i is the
number of spicies [64]. In this case, one can have �̄i�µ⌫�j in MIDM operator and �̄i�j in RayDM
operator, which provide rich cascade decays for exotic Z decay.

III.3.2. Existing limits from DM relic abundance, indirect and direct searches, and collider constraints

• Relic abundance and Indirect detection:

Given significant mass split between �
2

and �
1

provides interesting photon signal in exotic
decay, the relevant annihilation initial state contains only �

1

today and also during the freeze out.
In this case, the annihilation rate is dominated by the Reyleigh operator into ��, �Z, ZZ and
W+W�. For the mass range m�1 < mZ , we find only the following annihilation cross-section
relevant [62],

�v(�
1

�
1

! ��)
MIDM

=
cos2 ✓wm2

�1

⇡⇤4

MIDM

16y6 � 9y4 � 2y2 � 2

y4(y2 + 2)2
, (37)

�v(�
1

�
1

! ��)
RayDM

=
4 cos2 ✓w

⇡

m4

�1

⇤6

RayDM

. (38)
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II. THE MODEL

In addition to the WIMP state � which is a Dirac
fermion, we consider a messenger state, a Dirac fermion
 and a charged scalar ', both of which are SUW(2)
doublets with hypercharge Y = 1/2 and are heavier than
the WIMP. They couple to the WIMP state through a
Yukawa coupling which we denote by �. The Lagrangian
for this model is given by

L = �̄

�

i

/

@ � m�

�

�� 1

2

�m �C�+  ̄

�

i

/

D � M

f

�

 

+ (Dµ

')† D
µ

'� M

2

s

'

†
'+ � ̄�'+ h.c. (3)

where D
µ

= @

µ

�igW

a

µ

⌧

a�i

1

2

g

0
B

µ

is the covariant deriva-
tive associated with the SUW(2) ⇥ U

Y

(1) gauge-bosons,
W

a

µ

and B

µ

, respectively, and ⌧

a are the SUW(2) gener-

ators obeying tr
�

⌧

a

⌧

b

�

= 1

2

�

ab and related to the Pauli
matrices through ⌧

a = 1

2

�

a. Aside from its Dirac mass,
m� , the WIMP states are split by a Majorana mass �m.

When the mass of the WIMP is much lower than that
of the messengers, its interactions with light fields such as
the photon and weak vector-bosons can be described by
an e↵ective Lagrangian. Gauge invariance forces these in-
teractions to appear as dimension 5, magnetic dipole op-
erator as well as dimension 7, Rayleigh operators2. Since
the model above is a renormalizable interacting theory
these operators can be computed in perturbation the-
ory. However, because we will be dealing with scenarios
where the new states are not much heavier than the dark
matter, it is important to include m�/Mf

corrections to
these new operators (i.e., the form factors). In this let-
ter we include all m�/Mf

e↵ects at 1-loop order when
computing the non-relativistic cross-sections relevant for
phenomenology.

We begin with the interactions of the WIMP with a
single gauge-boson. These are generated through the di-
agram shown in Fig. 1. Gauge-invariance forbids any
coupling to the non-abelian SUW(2) fields and the most
general vertex coupling to hypercharge consistent with
Lorentz invariance can be written as,

�µ(q2) = �

µ

F

1

(q2) + i

⇣

µ

�

2

⌘

�

µ⌫

q

⌫

F

2

(q2) (4)

where the form-factors F

1

(q2) and F

2

(q2) are given ex-
plicitly in the appendix3. The second part of this vertex
corresponds to an e↵ective dipole operator for the WIMP
�

µ�

2

�

�̄�

µ⌫

B

µ⌫

� with the dipole strength being

µ

�

=
�

2

g

0

32⇡2

M

f

(5)

2 After EWSB other, lower dimensional operators may appear in-
volving the Higgs field, however those appear at higher loop order
and are correspondingly much further suppressed.

3 The F1(q2) form-factor need not vanish as it is related to non-
renormalizable terms of the form �̄�µ@⌫�Bµ⌫ . Gauge-invariance
only imposes the condition that F1(q2) should approach zero as
q2 ! 0.

p1

p2

q, µ

p1

p2

q, µ

FIG. 1. Magnetic dipole operator generated at 1-loop.

(a)

(c) (d)

(b)

FIG. 2. The loop diagrams generating the RayDM operators
at lowest order in perturbation theory. Diagrams (a), (b), and
(c) represent two separate contributions where the external
gauge-bosons are interchanged.

where g

0 is the hypercharge coupling constant, q2 is the
momentum carried by the gauge-boson. More explicitly,
the coe�cient of the dipole operator is multiplied by the
hypercharge and by the size of the SUW(2) representa-
tion of the messengers in the loop, which in our case gives
a factor of unity. Similar comments apply to the coe�-
cient of F

1

(q2). To lowest order in an expansion in the
messenger mass these form-factors are

F

1

(q2) = �µ

�

q

2

6M
f

 

2r2
�

3r2 � 3 � �2 + r

2

�

log r2
�

(1 � r

2)2

!

(6)

F

2

(q2) =
2r2

�

r

2 � 1 � log r2
�

(1 � r

2)2
(7)

where r = M

f

/M

s

. We include the e↵ects of both F

1

and F

2

to all order in the messenger mass expansion in
the cross-sections discussed below.

The Rayleigh operators are generated by attaching
another external gauge-boson to the loop diagrams, as
shown in Fig. 2. In this case coupling to non-abelian
gauge-bosons is possible as well. The Rayleigh scales as-
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of the messengers, its interactions with light fields such as
the photon and weak vector-bosons can be described by
an e↵ective Lagrangian. Gauge invariance forces these in-
teractions to appear as dimension 5, magnetic dipole op-
erator as well as dimension 7, Rayleigh operators2. Since
the model above is a renormalizable interacting theory
these operators can be computed in perturbation the-
ory. However, because we will be dealing with scenarios
where the new states are not much heavier than the dark
matter, it is important to include m�/Mf

corrections to
these new operators (i.e., the form factors). In this let-
ter we include all m�/Mf

e↵ects at 1-loop order when
computing the non-relativistic cross-sections relevant for
phenomenology.

We begin with the interactions of the WIMP with a
single gauge-boson. These are generated through the di-
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only imposes the condition that F1(q2) should approach zero as
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FIG. 2. The loop diagrams generating the RayDM operators
at lowest order in perturbation theory. Diagrams (a), (b), and
(c) represent two separate contributions where the external
gauge-bosons are interchanged.
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to all order in the messenger mass expansion in
the cross-sections discussed below.

The Rayleigh operators are generated by attaching
another external gauge-boson to the loop diagrams, as
shown in Fig. 2. In this case coupling to non-abelian
gauge-bosons is possible as well. The Rayleigh scales as-
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The Lagrangian of this model is given by [63],
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singlet fermionic DM with both Dirac and Majorana mass terms. These mass term can split DM
� into two Majorana fermion �
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and �
2

. The fermion  and scalar � have the same charge under
SM gauge group SU(2)L ⇥ U(1)Y [63]. The dark matter can couple to photon via  and � loop,
and introduce two higher dimension operators. The first operator is Magnetic dipole DM (MIDM)
operator [59–61], while the second is Rayleigh DM (RayDM) operator [62] and are given below,
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, to get a hard photon signal which can
be detected at FCC-ee. The interaction scale ⇤ has been calculated in [63]
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where we have simply assumed  and � are singlet under SU(2)L and are charged under U(1)Y .
In eq. (36), we have assumed � mass is similar to M and we take the form factor function to be
O(1).
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is Majorana fermion, the dipole term �̄
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will vanish. Note one can add many
spicies of Dirac fermion DM �, then the Yukawa term in eq. (34) becomes �i ̄�i�, where i is the
number of spicies [64]. In this case, one can have �̄i�µ⌫�j in MIDM operator and �̄i�j in RayDM
operator, which provide rich cascade decays for exotic Z decay.

III.3.2. Existing limits from DM relic abundance, indirect and direct searches, and collider constraints

• Relic abundance and Indirect detection:

Given significant mass split between �
2

and �
1

provides interesting photon signal in exotic
decay, the relevant annihilation initial state contains only �

1

today and also during the freeze out.
In this case, the annihilation rate is dominated by the Reyleigh operator into ��, �Z, ZZ and
W+W�. For the mass range m�1 < mZ , we find only the following annihilation cross-section
relevant [62],
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• Scale from mass in the loop
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Higher dimensional operator
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• Interactions: Magnetic inelastic DM and Rayleigh DM (Weiner, Yavin)
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II. THE MODEL

In addition to the WIMP state � which is a Dirac
fermion, we consider a messenger state, a Dirac fermion
 and a charged scalar ', both of which are SUW(2)
doublets with hypercharge Y = 1/2 and are heavier than
the WIMP. They couple to the WIMP state through a
Yukawa coupling which we denote by �. The Lagrangian
for this model is given by
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ab and related to the Pauli
matrices through ⌧
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a. Aside from its Dirac mass,
m� , the WIMP states are split by a Majorana mass �m.

When the mass of the WIMP is much lower than that
of the messengers, its interactions with light fields such as
the photon and weak vector-bosons can be described by
an e↵ective Lagrangian. Gauge invariance forces these in-
teractions to appear as dimension 5, magnetic dipole op-
erator as well as dimension 7, Rayleigh operators2. Since
the model above is a renormalizable interacting theory
these operators can be computed in perturbation the-
ory. However, because we will be dealing with scenarios
where the new states are not much heavier than the dark
matter, it is important to include m�/Mf

corrections to
these new operators (i.e., the form factors). In this let-
ter we include all m�/Mf

e↵ects at 1-loop order when
computing the non-relativistic cross-sections relevant for
phenomenology.

We begin with the interactions of the WIMP with a
single gauge-boson. These are generated through the di-
agram shown in Fig. 1. Gauge-invariance forbids any
coupling to the non-abelian SUW(2) fields and the most
general vertex coupling to hypercharge consistent with
Lorentz invariance can be written as,
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where the form-factors F
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(q2) and F
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(q2) are given ex-
plicitly in the appendix3. The second part of this vertex
corresponds to an e↵ective dipole operator for the WIMP
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2 After EWSB other, lower dimensional operators may appear in-
volving the Higgs field, however those appear at higher loop order
and are correspondingly much further suppressed.

3 The F1(q2) form-factor need not vanish as it is related to non-
renormalizable terms of the form �̄�µ@⌫�Bµ⌫ . Gauge-invariance
only imposes the condition that F1(q2) should approach zero as
q2 ! 0.
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FIG. 1. Magnetic dipole operator generated at 1-loop.
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FIG. 2. The loop diagrams generating the RayDM operators
at lowest order in perturbation theory. Diagrams (a), (b), and
(c) represent two separate contributions where the external
gauge-bosons are interchanged.

where g

0 is the hypercharge coupling constant, q2 is the
momentum carried by the gauge-boson. More explicitly,
the coe�cient of the dipole operator is multiplied by the
hypercharge and by the size of the SUW(2) representa-
tion of the messengers in the loop, which in our case gives
a factor of unity. Similar comments apply to the coe�-
cient of F

1

(q2). To lowest order in an expansion in the
messenger mass these form-factors are
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. We include the e↵ects of both F

1

and F

2

to all order in the messenger mass expansion in
the cross-sections discussed below.

The Rayleigh operators are generated by attaching
another external gauge-boson to the loop diagrams, as
shown in Fig. 2. In this case coupling to non-abelian
gauge-bosons is possible as well. The Rayleigh scales as-
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The Rayleigh operators are generated by attaching
another external gauge-boson to the loop diagrams, as
shown in Fig. 2. In this case coupling to non-abelian
gauge-bosons is possible as well. The Rayleigh scales as-
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III.3.1. Model

The Lagrangian of this model is given by [63],

L = �̄(i/@ � m�)�� 1

2
�m�̄c�+  ̄(i /D � M ) + (Dµ�)†(Dµ�) � M2

��
†�+ (� ̄��+ h.c.), (34)

where Dµ = @µ � igW i
µ⌧

i � igY /2Bµ, M is the mass for  , M� is the mass for �, and � is the
singlet fermionic DM with both Dirac and Majorana mass terms. These mass term can split DM
� into two Majorana fermion �

1

and �
2

. The fermion  and scalar � have the same charge under
SM gauge group SU(2)L ⇥ U(1)Y [63]. The dark matter can couple to photon via  and � loop,
and introduce two higher dimension operators. The first operator is Magnetic dipole DM (MIDM)
operator [59–61], while the second is Rayleigh DM (RayDM) operator [62] and are given below,

O
MIDM

=
1

⇤
MIDM

�̄
2

�µ⌫�
1

Bµ⌫ + h.c., O
RayDM

=
1

⇤3

RayDM

�̄
1

�
1

Bµ⌫Bµ⌫ . (35)

These two operators can lead to the cascade decay Z ! �
2

�
1

! (�
1

�)�
1

and the three-body decay
Z ! �

1

�
1

� at Z factory, with Feynmann diagrams given in fig. 5. In the exotic Z decay study, we
will choose a significant mass splitting between �

1

and �
2

, to get a hard photon signal which can
be detected at FCC-ee. The interaction scale ⇤ has been calculated in [63]

1

⇤
MIDM

⇡ �2gY
32⇡2M 

,
1

⇤3

RayDM

⇡ �2g2Y
24⇡2M3

 

, (36)

where we have simply assumed  and � are singlet under SU(2)L and are charged under U(1)Y .
In eq. (36), we have assumed � mass is similar to M and we take the form factor function to be
O(1).

We have successfully motivated decay topologies Z ! �
2

�
1

! (�
1

�)�
1

and Z ! �
1

�
1

� in fig. 5,
and we want to motivate another cascade decay Z ! �

2

�
2

! (�
1

�)(�
1

�) via MIDM operator.
However, if �

2

is Majorana fermion, the dipole term �̄
2

�µ⌫�2

will vanish. Note one can add many
spicies of Dirac fermion DM �, then the Yukawa term in eq. (34) becomes �i ̄�i�, where i is the
number of spicies [64]. In this case, one can have �̄i�µ⌫�j in MIDM operator and �̄i�j in RayDM
operator, which provide rich cascade decays for exotic Z decay.

III.3.2. Existing limits from DM relic abundance, indirect and direct searches, and collider constraints

• Relic abundance and Indirect detection:

Given significant mass split between �
2

and �
1

provides interesting photon signal in exotic
decay, the relevant annihilation initial state contains only �

1

today and also during the freeze out.
In this case, the annihilation rate is dominated by the Reyleigh operator into ��, �Z, ZZ and
W+W�. For the mass range m�1 < mZ , we find only the following annihilation cross-section
relevant [62],

�v(�
1

�
1

! ��)
MIDM

=
cos2 ✓wm2

�1

⇡⇤4

MIDM

16y6 � 9y4 � 2y2 � 2

y4(y2 + 2)2
, (37)

�v(�
1

�
1

! ��)
RayDM

=
4 cos2 ✓w

⇡

m4

�1

⇤6

RayDM

. (38)

• Scale from mass in the loop
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and middle panels of fig. 6, we vary DM mass m�1 from 0 to 40 GeV. Since its mass is much smaller
than the required photon pT and MET, we expect the constraint to be similar as m�1 = 10 GeV.
For mono-photon search at the LHC 14 TeV with 300 fb�1, the corresponding limit is estimated
to be ⇤

MIDM

& 8200 GeV [109], and labeled as “mono-�” in fig. 6.
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Figure 5. The Feynman diagrams for the cascade decay process Z ! �2�1 ! �1�1� from OMIDM and the
three-body process Z ! �1�1� from ORayDM.

Figure 6. The 95% C.L. sensitivity for M from exotic Z decay Z ! /E + �, for MIDM operator in the left
(middle) panels with di↵erent mass splitting and for Rayleigh operator in the right panel. The constraints
are labeled as Giga Z and Tera Z for future Z-factory with � = 4⇡, and the LEP limit from [64] is shown. We
also compare the limits from DM direct detection, indirect detection searches, mono-photon, and mono-jet
searches at the LHC. For RayDM, the gamma-ray constraints from Fermi-LAT and CMB use long dashed
line for O�5

RayDM and dashed line for ORayDM. For collider limits, the two operators are similar and for
spin-independent direct detection limits, only ORayDM is constrained.

For the MIDM case, it is interesting to note that, when m�2 = m�1 , the exotic Z decay Z ! /E�
loses its sensitivity at Z -factory, and also for mono-photon search at the LHC. The mono-jet search
will be better than the mono-photon search in this case. Moreover, [109] pointed out that actually
the invisible decay width measurement of Z can beat the mono-jet search at the LHC 14 TeV with
3 ab�1 integrated luminosity, which suggest M & 226 GeV for m�1,2 = 10 GeV. We have plotted
the invisible Z width constraint in panel (a) of fig. 6.

Given the high center of mass energy at the LHC, it can search for the EW charged particles
 and � directly from Drell-Yan production and their subsequent cascade decays [114]. The Drell-
Yan search could be more restrictive than mono object searches, but this conclusion is very model
dependent, see [114]. For example, when  and � are SU(2)L singlet, or they decay dominantly to
tau lepton and (or) gauge bosons, the sensitivity from Drell-Yan is very poor, even at the LHC 14
TeV with 300 fb�1.

[N. Weiner, I. Yavin   arXiv : 1206.2910]
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Axion-like particles
• generic from UV theories  

connecting to the standard model and dark sector  
 

• exotic Z decays 

(2 or 3 γ, 1 resonance )

20

ALPs can have interactions with standard model particles fermions, gauge fields, Higgs obeying
the (discrete-)shift symmetry. Here, we focus on the ALP coupling to the U(1)Y gauge field Bµ

4,

L
ALP

=
1

4⇤aBB
aBµ⌫B̃

µ⌫ , (36)

This interaction gives the decay rate of the ALP as

�(a ! ��) =
1

64⇡

1

⇤2

aBB

cos ✓4wm
3

a , (37)

and the rate of the Z decay,

�(Z ! �a) =
1

96⇡

1

⇤2

aBB

cos ✓2w sin ✓2wm
3

Z

✓
1 � m2

a

m2

Z

◆
3

. (38)

Depending on the a ! �� decay length, the analyses are performed in the two separate regimes:
one is ALP decaying inside the detector, and the other is decaying outside the detector. For decay
inside the detector, we focus on the prompt search, and leave the interesting case of displaced vertex
to future work. For decay outside the detector, the signal is mono-photon +/E. The transverse
radius of the detector radius is taken to be 6 meters. The decay length of the ALP is computed
according to the boost �a of the ALP, D ⌘ �ac⌧a, where the �a = Ea/ma is the boost and ⌧a = 1/�a

is the lifetime of a. Since the initial state is Z boson at rest and the final state is a�, the energy Ea

is fixed by ma. D = 6 m is plotted in fig. 8 as a dotted black line. Below it, the ALP has a decay
length D smaller than 6 m. However, it can still decay outside the detector with a probability of
1 � e�D/(6 m). We account for this probability to rescale the signal events in the detector, which
leads to sensitivity below the line. In the prompt decay region, for the high mass axion, the boost
of axion is small, the dominant channel to search for ALPs is 3�. When the mass of the ALP is
below O(1) GeV, the boost of axion makes the two photons from axion decay close to enough, and
cannot be resolved. The 2� search channel is more relevant.

The current constraints for this operator are given by LEP and LHC photon searches. In fig. 8,
the LEP I [119] uses inclusive di-photon search e+e� ! 2� + X covering the small mass region.
In the higher mass region, the boost of the axion decreases and 3� channel is considered. The
LEP II (OPAL) have 2� and 3� data [120], which are employed to put the bounds on the process,
e+e� ! �/Z? ! a� ! 2� + �. The L3 collaboration has searched the process Z ! a� ! (��)�
at Z pole, with limit on BR of order 10�5 [67]. ATLAS 3� and Z ! 3� [121, 122] search can be
translated to the ALP bound as derived in [123].

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

data at the Z pole [64] as discussed in section III.3. 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 excludes ⇤

aBB

< 4.3⇥104

for Z ! /E + � decay, and we label it as “L3 (/E�)” in fig. 8.

In the Z-decay search, the ALP will give topologies Z ! /E + � and Z ! 3�, 2�, depending on
the life-time and boost of the ALP. Z-factory limits on the ALP are given in fig. 8, which is about
two order of magnitude better than the current constraints from LEP and LHC.

4 The coupling to fermions are neglected here for simplicity. The ALP coupling to fermion is cfmf/⇤ where cf
coe�cient is model dependent. a ! �� is the dominant decay channel for very light ALP, and the decays to
fermions are suppressed by m2

f/m
2
a when ALP is significantly heavier than fermion. If the fermion coupling comes

through the gauge field loops, this will get further suppression via the loop e↵ects.
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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�
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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�.

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.
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Summary
• starting from models      

•  Higgs portal   +  fermionic DM  
      mixing with Higgs  
 vector portal   + scalar DM  
     mixing with U(1)Y gauge fields  

• axion-like particles 
higher dimensional operators  MiDM and Rayleigh DM 
 
 

8

e�

e+

Z

Z⇤

s̃

l�

l+

�

�̄

Figure 1. The Feynman diagram for exotic Z decay Z ! s̃Z⇤ ! (�̄�) + `+`�. Note the Z is produced on
shell and followed by a three-body decay s̃`+`�, and the parentheses for �̄� indicates they are from the
decay of a resonance .
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Figure 2. The 95% C.L. sensitivity for sin↵ from exotic Z decay Z ! s̃Z⇤ ! (�̄�) + `+`� at Giga (Tera)
Z-factory, 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 the LHC [87, 88] (BRh̃
inv < 0.23), the high luminosity (3 ab�1) LHC

projection (BRh̃
inv . 0.08�0.16) [89, 90] and future e+e� collider (BRh̃

inv . 0.003) [4, 91] , current and future
Higgs global fit from (h current global fit) [92, 93] with purple and magenta lines, low mass Higgs searches
in invisible channels (LEP-Zs-inv) [61, 94–96], and precision measurement of �(Zh) (��(Zh)) [1, 4, 98]. The
dashed (solid) lines are for existing constraints (future prospects).

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 114 pb�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 section IV.2 and found its constraint on sin↵ is about one order of
magnitude weaker than Z ! s̃Z⇤ ! (�̄�) + `+`�. The main reason is mono-photon decay is
loop suppressed. Furthermore, mono-photon background is higher than `+`� + /E background.
Therefore, we do not put the constraint from mono-photon in fig. 2.

12

e�

e+

Z̃
Ã�
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Figure 3. The Feynman diagrams for the 3-body decay process Z̃ ! Ã0SS⇤ ! (`�`+)/E from vector portal
model with scalar DM and the Higgs bremsstrahlung process Z̃ ! Ã0�̃ ! (`�`+)(/E).
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Figure 4. The 95% C.L. sensitivity for ✏ as a function of mÃ0 from exotic Z decay Z̃ ! (`+`�)/E. The
3-body decay channel Z̃ ! Ã0S⇤S ! (`+`�)/E is shown in the left panel, while the 2-body cascade decay
channel Z̃ ! Ã0�̃ ! (`+`�)(/E) is shown in the right panel. We take gD = 0.1 and 1 , mS = 0.8mK̃ .
The constraints from exotic Z decay are labeled as Giga (Tera) Z, and also we show an illustrative line for
LEP luminosity 114 pb�1. We also show limits from relic abundance, direct detection and existing collider
searches for comparison.

with mS = 0.8m
˜A0

and m
˜� = 1.7m

˜A0

. Given that �̃ has negligible coupling to SM sector, the relic
abundance, indirect detection and direct detection are similar to the left panel of fig. 4.

• Summary: As shown in fig. 4, LEP electroweak precision test, LHC Drell-Yan, Babar radiative
return and LHCb di-muon inclusive searches can provide the direct constraints on ✏. For m

˜A0

< 10
GeV, Babar bounds ✏ . 10�3, while LHC Drell-Yan and LHCb provide complementary limits
✏ & 5 ⇥ 10�3 for m

˜A0

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

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

˜A0

, DM annihilation cross-section and direct detection

scattering cross-section are proportional to g2D. The coupling for the four point vertex Z̃µÃ0µS⇤S
is proportional to ✏g2D, while the coupling for three point vertex Z̃µÃ0µ�̃ is proportional to ✏gDm ˜A0

.
Therefore, the 3-body decay width is proportional to g4D, while the 2-body cascade decay width is
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and middle panels of fig. 6, we vary DM mass m�1 from 0 to 40 GeV. Since its mass is much smaller
than the required photon pT and MET, we expect the constraint to be similar as m�1 = 10 GeV.
For mono-photon search at the LHC 14 TeV with 300 fb�1, the corresponding limit is estimated
to be ⇤

MIDM

& 8200 GeV [109], and labeled as “mono-�” in fig. 6.
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Figure 5. The Feynman diagrams for the cascade decay process Z ! �2�1 ! �1�1� from OMIDM and the
three-body process Z ! �1�1� from ORayDM.
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Figure 6. The 95% C.L. sensitivity for M from exotic Z decay Z ! /E + �, for MIDM operator in the left
(middle) panels with di↵erent mass splitting and for Rayleigh operator in the right panel. The constraints
are labeled as Giga Z and Tera Z for future Z-factory with � = 4⇡, and the LEP limit from [64] is shown. We
also compare the limits from DM direct detection, indirect detection searches, mono-photon, and mono-jet
searches at the LHC. For RayDM, the gamma-ray constraints from Fermi-LAT and CMB use long dashed
line for O�5

RayDM and dashed line for ORayDM. For collider limits, the two operators are similar and for
spin-independent direct detection limits, only ORayDM is constrained.

For the MIDM case, it is interesting to note that, when m�2 = m�1 , the exotic Z decay Z ! /E�
loses its sensitivity at Z -factory, and also for mono-photon search at the LHC. The mono-jet search
will be better than the mono-photon search in this case. Moreover, [109] pointed out that actually
the invisible decay width measurement of Z can beat the mono-jet search at the LHC 14 TeV with
3 ab�1 integrated luminosity, which suggest M & 226 GeV for m�1,2 = 10 GeV. We have plotted
the invisible Z width constraint in panel (a) of fig. 6.

Given the high center of mass energy at the LHC, it can search for the EW charged particles
 and � directly from Drell-Yan production and their subsequent cascade decays [114]. The Drell-
Yan search could be more restrictive than mono object searches, but this conclusion is very model
dependent, see [114]. For example, when  and � are SU(2)L singlet, or they decay dominantly to
tau lepton and (or) gauge bosons, the sensitivity from Drell-Yan is very poor, even at the LHC 14
TeV with 300 fb�1.
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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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has been plotted.
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IV. SEARCHING FOR EXOTIC Z DECAYS AT FUTURE Z-FACTORIES

In this section, we make projections for the sensitivity of exotic Z decay searches at future
Z-factories. Motived by the previous discussed dark sector models, we classify decay channels by
final states, the number of intermediate resonances, and di↵erent topologies. In most of the cases,
we clarify the connections between the potential models and each topology. As Z is neutral, the
final states of its decay can be described as

Z ! /E + n�� + n`+`�`
+`� + nq̄q q̄q . (39)

Since lepton and quark are charged, they will show up in pairs. The n is referred to as the number
of particle or pair of particles. In our analysis, we choose to consider the number of final state
particles to be less than 5. The /E can be considered as two particles, since normally it is constituted
of two DM particles. It also can be a neutral particle which does not interact with detector and
decays outside of it. The final states can be further grouped according to whether they are the
decay products of some intermediate resonance. This resonance can be the mother particles for
(��), `+`�, (q̄q) and /E. The kinematic information of the resonance decay can help us improve
the search strategies. The details of classification are given in table I. The first set of channels
has the missing energy in the final states. Since electron collider has full kinematic information of
initial states, the missing 4-momentum can be fully reconstructed. This is the major advantage
of electron collider compared with hadron collider in searching for exotic Z decay with missing
energy. The second set of channels does not include missing energy. They are pure jet final states
(jj)(jj), (jj)(bb), (bb)(bb) and three photon final state ���. They can come from dark sector
particles decays, which do not involve dark matter. Due to the cleaner environment of electron
collider, it is better than hadron colliders to measure pure hadronic final states. For jjjj final state,
since it has large SM background, we concentrate on the case where it has two resonances. When
generating corresponding SM backgrounds, one additional photon is included to count the initial
state radiation (ISR). The on-shell intermediate particles should be neutral, since LEP searches
have already put severe constraints on charged particles with mass smaller than mZ/2.

In the following subsections, we will discuss the possible models and the sensitivity of each
channel at future Z-factory. The section IV.1 introduces the basic setup and performance for
future Z-factories at FCC-ee and CEPC, and explores the sensitivity of exotic Z BR at this future
Z-factory for di↵erent topologies from section IV.2 to section IV.7. To compare the future Z-factory
and HL-LHC, section IV.8 presents the reach on those exotic Z BR for the HL-LHC. The summary
of this comparison between the future Z-factory and HL-LHC is in fig. 16.

IV.1. Performance of Future Z-factories

The exotic Z decay phenomenology at future Z-factories at studied in this section. A Z-pole run
has been considered for both FCC-ee and CEPC [124, 125]. Given that the measured cross-section
of hadronic Z is 30.5 nb [5], the integrated luminosity for Giga Z (109 Z) and Tera Z (1012 Z in the
plan of FCC-ee) are 22.9 fb�1 and 22.9 ab�1, respectively.

We simulate the backgrounds and signals in the electron-positron colliders at the Z mass energy
using MadGraph5 aMC@NLO [126] and analyze them at parton level. Assuming that the detec-
tor performance is similar for di↵erent future electron colliders, we follow the detector e↵ects at
CEPC [4] and apply the following Gaussian smearing in our analysis:

Photon energy resolution:
�E�

E�
=

0.16p
E�/GeV

� 0.01 , (40)
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Table I. Classification of exotic Z decay channels by particles in final states and number of resonances
(nres). The � and �1 are fermionic DM, �2 is an excited state of DM, and S denotes scalar DM. The
final state J represents either light flavor jet j or heavy flavor jet b. A0 is the dark photon, and the �
is intermediate scalars. The parentheses () indicates a resonance in the final states. The details of these
models are discussed in the text.
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In this section, we make projections for the sensitivity of exotic Z decay searches at future
Z-factories. Motived by the previous discussed dark sector models, we classify decay channels by
final states, the number of intermediate resonances, and di↵erent topologies. In most of the cases,
we clarify the connections between the potential models and each topology. As Z is neutral, the
final states of its decay can be described as
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Since lepton and quark are charged, they will show up in pairs. The n is referred to as the number
of particle or pair of particles. In our analysis, we choose to consider the number of final state
particles to be less than 5. The /E can be considered as two particles, since normally it is constituted
of two DM particles. It also can be a neutral particle which does not interact with detector and
decays outside of it. The final states can be further grouped according to whether they are the
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has the missing energy in the final states. Since electron collider has full kinematic information of
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of electron collider compared with hadron collider in searching for exotic Z decay with missing
energy. The second set of channels does not include missing energy. They are pure jet final states
(jj)(jj), (jj)(bb), (bb)(bb) and three photon final state ���. They can come from dark sector
particles decays, which do not involve dark matter. Due to the cleaner environment of electron
collider, it is better than hadron colliders to measure pure hadronic final states. For jjjj final state,
since it has large SM background, we concentrate on the case where it has two resonances. When
generating corresponding SM backgrounds, one additional photon is included to count the initial
state radiation (ISR). The on-shell intermediate particles should be neutral, since LEP searches
have already put severe constraints on charged particles with mass smaller than mZ/2.

In the following subsections, we will discuss the possible models and the sensitivity of each
channel at future Z-factory. The section IV.1 introduces the basic setup and performance for
future Z-factories at FCC-ee and CEPC, and explores the sensitivity of exotic Z BR at this future
Z-factory for di↵erent topologies from section IV.2 to section IV.7. To compare the future Z-factory
and HL-LHC, section IV.8 presents the reach on those exotic Z BR for the HL-LHC. The summary
of this comparison between the future Z-factory and HL-LHC is in fig. 16.
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We simulate the backgrounds and signals in the electron-positron colliders at the Z mass energy
using MadGraph5 aMC@NLO [126] and analyze them at parton level. Assuming that the detec-
tor performance is similar for di↵erent future electron colliders, we follow the detector e↵ects at
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Table I. Classification of exotic Z decay channels by particles in final states and number of resonances
(nres). The � and �1 are fermionic DM, �2 is an excited state of DM, and S denotes scalar DM. The
final state J represents either light flavor jet j or heavy flavor jet b. A0 is the dark photon, and the �
is intermediate scalars. The parentheses () indicates a resonance in the final states. The details of these
models are discussed in the text.
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IV. SEARCHING FOR EXOTIC Z DECAYS AT FUTURE Z-FACTORIES

In this section, we make projections for the sensitivity of exotic Z decay searches at future
Z-factories. Motived by the previous discussed dark sector models, we classify decay channels by
final states, the number of intermediate resonances, and di↵erent topologies. In most of the cases,
we clarify the connections between the potential models and each topology. As Z is neutral, the
final states of its decay can be described as

Z ! /E + n�� + n`+`�`
+`� + nq̄q q̄q . (39)

Since lepton and quark are charged, they will show up in pairs. The n is referred to as the number
of particle or pair of particles. In our analysis, we choose to consider the number of final state
particles to be less than 5. The /E can be considered as two particles, since normally it is constituted
of two DM particles. It also can be a neutral particle which does not interact with detector and
decays outside of it. The final states can be further grouped according to whether they are the
decay products of some intermediate resonance. This resonance can be the mother particles for
(��), `+`�, (q̄q) and /E. The kinematic information of the resonance decay can help us improve
the search strategies. The details of classification are given in table I. The first set of channels
has the missing energy in the final states. Since electron collider has full kinematic information of
initial states, the missing 4-momentum can be fully reconstructed. This is the major advantage
of electron collider compared with hadron collider in searching for exotic Z decay with missing
energy. The second set of channels does not include missing energy. They are pure jet final states
(jj)(jj), (jj)(bb), (bb)(bb) and three photon final state ���. They can come from dark sector
particles decays, which do not involve dark matter. Due to the cleaner environment of electron
collider, it is better than hadron colliders to measure pure hadronic final states. For jjjj final state,
since it has large SM background, we concentrate on the case where it has two resonances. When
generating corresponding SM backgrounds, one additional photon is included to count the initial
state radiation (ISR). The on-shell intermediate particles should be neutral, since LEP searches
have already put severe constraints on charged particles with mass smaller than mZ/2.

In the following subsections, we will discuss the possible models and the sensitivity of each
channel at future Z-factory. The section IV.1 introduces the basic setup and performance for
future Z-factories at FCC-ee and CEPC, and explores the sensitivity of exotic Z BR at this future
Z-factory for di↵erent topologies from section IV.2 to section IV.7. To compare the future Z-factory
and HL-LHC, section IV.8 presents the reach on those exotic Z BR for the HL-LHC. The summary
of this comparison between the future Z-factory and HL-LHC is in fig. 16.

IV.1. Performance of Future Z-factories

The exotic Z decay phenomenology at future Z-factories at studied in this section. A Z-pole run
has been considered for both FCC-ee and CEPC [124, 125]. Given that the measured cross-section
of hadronic Z is 30.5 nb [5], the integrated luminosity for Giga Z (109 Z) and Tera Z (1012 Z in the
plan of FCC-ee) are 22.9 fb�1 and 22.9 ab�1, respectively.

We simulate the backgrounds and signals in the electron-positron colliders at the Z mass energy
using MadGraph5 aMC@NLO [126] and analyze them at parton level. Assuming that the detec-
tor performance is similar for di↵erent future electron colliders, we follow the detector e↵ects at
CEPC [4] and apply the following Gaussian smearing in our analysis:

Photon energy resolution:
�E�

E�
=

0.16p
E�/GeV

� 0.01 , (40)
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Table I. Classification of exotic Z decay channels by particles in final states and number of resonances
(nres). The � and �1 are fermionic DM, �2 is an excited state of DM, and S denotes scalar DM. The
final state J represents either light flavor jet j or heavy flavor jet b. A0 is the dark photon, and the �
is intermediate scalars. The parentheses () indicates a resonance in the final states. The details of these
models are discussed in the text.
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In this section, we make projections for the sensitivity of exotic Z decay searches at future
Z-factories. Motived by the previous discussed dark sector models, we classify decay channels by
final states, the number of intermediate resonances, and di↵erent topologies. In most of the cases,
we clarify the connections between the potential models and each topology. As Z is neutral, the
final states of its decay can be described as

Z ! /E + n�� + n`+`�`
+`� + nq̄q q̄q . (39)

Since lepton and quark are charged, they will show up in pairs. The n is referred to as the number
of particle or pair of particles. In our analysis, we choose to consider the number of final state
particles to be less than 5. The /E can be considered as two particles, since normally it is constituted
of two DM particles. It also can be a neutral particle which does not interact with detector and
decays outside of it. The final states can be further grouped according to whether they are the
decay products of some intermediate resonance. This resonance can be the mother particles for
(��), `+`�, (q̄q) and /E. The kinematic information of the resonance decay can help us improve
the search strategies. The details of classification are given in table I. The first set of channels
has the missing energy in the final states. Since electron collider has full kinematic information of
initial states, the missing 4-momentum can be fully reconstructed. This is the major advantage
of electron collider compared with hadron collider in searching for exotic Z decay with missing
energy. The second set of channels does not include missing energy. They are pure jet final states
(jj)(jj), (jj)(bb), (bb)(bb) and three photon final state ���. They can come from dark sector
particles decays, which do not involve dark matter. Due to the cleaner environment of electron
collider, it is better than hadron colliders to measure pure hadronic final states. For jjjj final state,
since it has large SM background, we concentrate on the case where it has two resonances. When
generating corresponding SM backgrounds, one additional photon is included to count the initial
state radiation (ISR). The on-shell intermediate particles should be neutral, since LEP searches
have already put severe constraints on charged particles with mass smaller than mZ/2.

In the following subsections, we will discuss the possible models and the sensitivity of each
channel at future Z-factory. The section IV.1 introduces the basic setup and performance for
future Z-factories at FCC-ee and CEPC, and explores the sensitivity of exotic Z BR at this future
Z-factory for di↵erent topologies from section IV.2 to section IV.7. To compare the future Z-factory
and HL-LHC, section IV.8 presents the reach on those exotic Z BR for the HL-LHC. The summary
of this comparison between the future Z-factory and HL-LHC is in fig. 16.

IV.1. Performance of Future Z-factories

The exotic Z decay phenomenology at future Z-factories at studied in this section. A Z-pole run
has been considered for both FCC-ee and CEPC [124, 125]. Given that the measured cross-section
of hadronic Z is 30.5 nb [5], the integrated luminosity for Giga Z (109 Z) and Tera Z (1012 Z in the
plan of FCC-ee) are 22.9 fb�1 and 22.9 ab�1, respectively.

We simulate the backgrounds and signals in the electron-positron colliders at the Z mass energy
using MadGraph5 aMC@NLO [126] and analyze them at parton level. Assuming that the detec-
tor performance is similar for di↵erent future electron colliders, we follow the detector e↵ects at
CEPC [4] and apply the following Gaussian smearing in our analysis:

Photon energy resolution:
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Table I. Classification of exotic Z decay channels by particles in final states and number of resonances
(nres). The � and �1 are fermionic DM, �2 is an excited state of DM, and S denotes scalar DM. The
final state J represents either light flavor jet j or heavy flavor jet b. A0 is the dark photon, and the �
is intermediate scalars. The parentheses () indicates a resonance in the final states. The details of these
models are discussed in the text.
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In this section, we make projections for the sensitivity of exotic Z decay searches at future
Z-factories. Motived by the previous discussed dark sector models, we classify decay channels by
final states, the number of intermediate resonances, and di↵erent topologies. In most of the cases,
we clarify the connections between the potential models and each topology. As Z is neutral, the
final states of its decay can be described as

Z ! /E + n�� + n`+`�`
+`� + nq̄q q̄q . (39)

Since lepton and quark are charged, they will show up in pairs. The n is referred to as the number
of particle or pair of particles. In our analysis, we choose to consider the number of final state
particles to be less than 5. The /E can be considered as two particles, since normally it is constituted
of two DM particles. It also can be a neutral particle which does not interact with detector and
decays outside of it. The final states can be further grouped according to whether they are the
decay products of some intermediate resonance. This resonance can be the mother particles for
(��), `+`�, (q̄q) and /E. The kinematic information of the resonance decay can help us improve
the search strategies. The details of classification are given in table I. The first set of channels
has the missing energy in the final states. Since electron collider has full kinematic information of
initial states, the missing 4-momentum can be fully reconstructed. This is the major advantage
of electron collider compared with hadron collider in searching for exotic Z decay with missing
energy. The second set of channels does not include missing energy. They are pure jet final states
(jj)(jj), (jj)(bb), (bb)(bb) and three photon final state ���. They can come from dark sector
particles decays, which do not involve dark matter. Due to the cleaner environment of electron
collider, it is better than hadron colliders to measure pure hadronic final states. For jjjj final state,
since it has large SM background, we concentrate on the case where it has two resonances. When
generating corresponding SM backgrounds, one additional photon is included to count the initial
state radiation (ISR). The on-shell intermediate particles should be neutral, since LEP searches
have already put severe constraints on charged particles with mass smaller than mZ/2.

In the following subsections, we will discuss the possible models and the sensitivity of each
channel at future Z-factory. The section IV.1 introduces the basic setup and performance for
future Z-factories at FCC-ee and CEPC, and explores the sensitivity of exotic Z BR at this future
Z-factory for di↵erent topologies from section IV.2 to section IV.7. To compare the future Z-factory
and HL-LHC, section IV.8 presents the reach on those exotic Z BR for the HL-LHC. The summary
of this comparison between the future Z-factory and HL-LHC is in fig. 16.

IV.1. Performance of Future Z-factories

The exotic Z decay phenomenology at future Z-factories at studied in this section. A Z-pole run
has been considered for both FCC-ee and CEPC [124, 125]. Given that the measured cross-section
of hadronic Z is 30.5 nb [5], the integrated luminosity for Giga Z (109 Z) and Tera Z (1012 Z in the
plan of FCC-ee) are 22.9 fb�1 and 22.9 ab�1, respectively.

We simulate the backgrounds and signals in the electron-positron colliders at the Z mass energy
using MadGraph5 aMC@NLO [126] and analyze them at parton level. Assuming that the detec-
tor performance is similar for di↵erent future electron colliders, we follow the detector e↵ects at
CEPC [4] and apply the following Gaussian smearing in our analysis:
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Table I. Classification of exotic Z decay channels by particles in final states and number of resonances
(nres). The � and �1 are fermionic DM, �2 is an excited state of DM, and S denotes scalar DM. The
final state J represents either light flavor jet j or heavy flavor jet b. A0 is the dark photon, and the �
is intermediate scalars. The parentheses () indicates a resonance in the final states. The details of these
models are discussed in the text.
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Lepton momentum resolution: �
GeV

p`T
= 2 ⇥ 10�5 � 10�3GeV

p`T sin ✓
, (41)

Jet energy resolution:
�Ej

Ej
=

0.3p
Ej/GeV

� 0.02 . (42)

We make conservative assumptions about the tagging e�ciency: 80% for about b-tagging e�ciency,
9% for c quark mis-tagging rate and 1% for light flavor mis-tagging rate [4]. We also require that
all visible particles satisfy |⌘| < 2.3 (cos ✓ < 0.98). In addition, the photon, lepton and jet energy
should be larger than 10 GeV. For events with missing energy, we require /E > 10 GeV as well.
Lastly, both the photons and electrons in final state are separated by ✓ij & 10� = 0.175 radian.
The charged leptons normally have better resolution than photons, thus the separation requirement
that we choose here is conservative. For jets, we use a conservative separation requirement ✓ij & 0.4
radian corresponding to �R � 0.4 at LHC 5. The study for LEP3 (a 240 GeV circular ee collider
using LHC tunnel) with the CMS detector [128] shows the jet angular resolution can be 30 milli-
radian for energies below 100 GeV. The separation requirement for jets at lepton collider could be
optimized due to much less QCD backgrounds than LHC in principal. We leave the optimization
for lepton collider as the future study.

To derive the exclusion limits, the confidential level for the sensitivity calculation adopts Poisson
probability [129]. When background event number B � 1 , the significance is about S/

p
B which

is proportional to
p
L, where L is the integrated luminosity. Therefore, the sensitivity reach of

Giga Z and Tera Z di↵er by about 101.5. When background event number B ⌧ 1, the Poisson
distribution with zero background assumption leads to a constant limit for signal. In this case, the
exclusion limit is linear to L, thus Giga Z and Tera Z di↵er by about 103. If B ⌧ 1 for Giga Z
while B > 1 for Tera Z, the di↵erence of the sensitivity reach is in the range of 101.5 � 103.

IV.2. Z ! /E + �

(a) (b) (c)

Figure 9. The 95% C.L. exclusion on exotic Z decay BR for the final state Z ! /E�. (a): the decay
topology 1A, Z ! �2 + �1 ! �1� + �1 from MIDM model. The numbers in each block are the sensitivity
reach for the exotic Z decay BR in log10 for Giga Z and Tera Z respectively, while the color mapping is
coded for Tera Z. (b): the decay topology 1B, Z ! ��� from RayDM model. (c): the decay topology 1C,
Z ! a� ! /E� from axion-like particle model.

5 For other separation condition, see [127].

• box shape of photon 
spectrum 

• Luminosity scale

17

and middle panels of fig. 6, we vary DM mass m�1 from 0 to 40 GeV. Since its mass is much smaller
than the required photon pT and MET, we expect the constraint to be similar as m�1 = 10 GeV.
For mono-photon search at the LHC 14 TeV with 300 fb�1, the corresponding limit is estimated
to be ⇤

MIDM

& 8200 GeV [109], and labeled as “mono-�” in fig. 6.

e+

e�

Z
�2

�1

�1

�

e+

e�

Z

�

�1

�1

Figure 5. The Feynman diagrams for the cascade decay process Z ! �2�1 ! �1�1� from OMIDM and the
three-body process Z ! �1�1� from ORayDM.

Figure 6. The 95% C.L. sensitivity for M from exotic Z decay Z ! /E + �, for MIDM operator in the left
(middle) panels with di↵erent mass splitting and for Rayleigh operator in the right panel. The constraints
are labeled as Giga Z and Tera Z for future Z-factory with � = 4⇡, and the LEP limit from [64] is shown. We
also compare the limits from DM direct detection, indirect detection searches, mono-photon, and mono-jet
searches at the LHC. For RayDM, the gamma-ray constraints from Fermi-LAT and CMB use long dashed
line for O�5

RayDM and dashed line for ORayDM. For collider limits, the two operators are similar and for
spin-independent direct detection limits, only ORayDM is constrained.

For the MIDM case, it is interesting to note that, when m�2 = m�1 , the exotic Z decay Z ! /E�
loses its sensitivity at Z -factory, and also for mono-photon search at the LHC. The mono-jet search
will be better than the mono-photon search in this case. Moreover, [109] pointed out that actually
the invisible decay width measurement of Z can beat the mono-jet search at the LHC 14 TeV with
3 ab�1 integrated luminosity, which suggest M & 226 GeV for m�1,2 = 10 GeV. We have plotted
the invisible Z width constraint in panel (a) of fig. 6.

Given the high center of mass energy at the LHC, it can search for the EW charged particles
 and � directly from Drell-Yan production and their subsequent cascade decays [114]. The Drell-
Yan search could be more restrictive than mono object searches, but this conclusion is very model
dependent, see [114]. For example, when  and � are SU(2)L singlet, or they decay dominantly to
tau lepton and (or) gauge bosons, the sensitivity from Drell-Yan is very poor, even at the LHC 14
TeV with 300 fb�1.
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Z → MET + γ
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Lepton momentum resolution: �
GeV

p`T
= 2 ⇥ 10�5 � 10�3GeV

p`T sin ✓
, (41)

Jet energy resolution:
�Ej

Ej
=

0.3p
Ej/GeV

� 0.02 . (42)

We make conservative assumptions about the tagging e�ciency: 80% for about b-tagging e�ciency,
9% for c quark mis-tagging rate and 1% for light flavor mis-tagging rate [4]. We also require that
all visible particles satisfy |⌘| < 2.3 (cos ✓ < 0.98). In addition, the photon, lepton and jet energy
should be larger than 10 GeV. For events with missing energy, we require /E > 10 GeV as well.
Lastly, both the photons and electrons in final state are separated by ✓ij & 10� = 0.175 radian.
The charged leptons normally have better resolution than photons, thus the separation requirement
that we choose here is conservative. For jets, we use a conservative separation requirement ✓ij & 0.4
radian corresponding to �R � 0.4 at LHC 5. The study for LEP3 (a 240 GeV circular ee collider
using LHC tunnel) with the CMS detector [128] shows the jet angular resolution can be 30 milli-
radian for energies below 100 GeV. The separation requirement for jets at lepton collider could be
optimized due to much less QCD backgrounds than LHC in principal. We leave the optimization
for lepton collider as the future study.

To derive the exclusion limits, the confidential level for the sensitivity calculation adopts Poisson
probability [129]. When background event number B � 1 , the significance is about S/

p
B which

is proportional to
p
L, where L is the integrated luminosity. Therefore, the sensitivity reach of

Giga Z and Tera Z di↵er by about 101.5. When background event number B ⌧ 1, the Poisson
distribution with zero background assumption leads to a constant limit for signal. In this case, the
exclusion limit is linear to L, thus Giga Z and Tera Z di↵er by about 103. If B ⌧ 1 for Giga Z
while B > 1 for Tera Z, the di↵erence of the sensitivity reach is in the range of 101.5 � 103.
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Figure 9. The 95% C.L. exclusion on exotic Z decay BR for the final state Z ! /E�. (a): the decay
topology 1A, Z ! �2 + �1 ! �1� + �1 from MIDM model. The numbers in each block are the sensitivity
reach for the exotic Z decay BR in log10 for Giga Z and Tera Z respectively, while the color mapping is
coded for Tera Z. (b): the decay topology 1B, Z ! ��� from RayDM model. (c): the decay topology 1C,
Z ! a� ! /E� from axion-like particle model.

5 For other separation condition, see [127].
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and middle panels of fig. 6, we vary DM mass m�1 from 0 to 40 GeV. Since its mass is much smaller
than the required photon pT and MET, we expect the constraint to be similar as m�1 = 10 GeV.
For mono-photon search at the LHC 14 TeV with 300 fb�1, the corresponding limit is estimated
to be ⇤

MIDM

& 8200 GeV [109], and labeled as “mono-�” in fig. 6.
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Figure 5. The Feynman diagrams for the cascade decay process Z ! �2�1 ! �1�1� from OMIDM and the
three-body process Z ! �1�1� from ORayDM.

Figure 6. The 95% C.L. sensitivity for M from exotic Z decay Z ! /E + �, for MIDM operator in the left
(middle) panels with di↵erent mass splitting and for Rayleigh operator in the right panel. The constraints
are labeled as Giga Z and Tera Z for future Z-factory with � = 4⇡, and the LEP limit from [64] is shown. We
also compare the limits from DM direct detection, indirect detection searches, mono-photon, and mono-jet
searches at the LHC. For RayDM, the gamma-ray constraints from Fermi-LAT and CMB use long dashed
line for O�5

RayDM and dashed line for ORayDM. For collider limits, the two operators are similar and for
spin-independent direct detection limits, only ORayDM is constrained.

For the MIDM case, it is interesting to note that, when m�2 = m�1 , the exotic Z decay Z ! /E�
loses its sensitivity at Z -factory, and also for mono-photon search at the LHC. The mono-jet search
will be better than the mono-photon search in this case. Moreover, [109] pointed out that actually
the invisible decay width measurement of Z can beat the mono-jet search at the LHC 14 TeV with
3 ab�1 integrated luminosity, which suggest M & 226 GeV for m�1,2 = 10 GeV. We have plotted
the invisible Z width constraint in panel (a) of fig. 6.

Given the high center of mass energy at the LHC, it can search for the EW charged particles
 and � directly from Drell-Yan production and their subsequent cascade decays [114]. The Drell-
Yan search could be more restrictive than mono object searches, but this conclusion is very model
dependent, see [114]. For example, when  and � are SU(2)L singlet, or they decay dominantly to
tau lepton and (or) gauge bosons, the sensitivity from Drell-Yan is very poor, even at the LHC 14
TeV with 300 fb�1.
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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�.

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.
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Comparing with HL-LHC 36
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Figure 16. The sensitivity reach for BR for various exotic Z decay topologies at the future Z-factory (Giga
Z and Tera Z) and the HL-LHC at 13 TeV with L = 3 ab�1. The BR sensitivity generally depends on
model parameter, for example mediator mass and dark matter mass. The dark color region with solid line
as boundary indicates the worst reach for the topology, while the lighter region with dashed line indicates
the best reach. For HL-LHC, we add the light shaded region for the topology 2A, 2C , 3A and 3B to indicate
the e↵ect of an invariant mass window cut for diphoton and dilepton. For the topology 6A, the HL-LHC
limit is obtained by rescaling the ATLAS study at 8 TeV LHC [122] with L = 20 fb�1.

V. CONCLUSION AND DISCUSSION

We have presented a comprehensive study on exotic Z decay at future Z-factories, with emphasis
on its prospects to exploring dark sector models. There are many dark sector models can give rise
to exotic Z decay modes, many of which contain missing energy in the final states. A Z-factory
provides a clean environment for decay modes which can be overwhelmed by large background at
hadron colliders. Another advantage of searching for such exotic Z decay at future e+e� colliders
is the ability of reconstructing the full missing 4-momentum, while we can only reconstruct missing
transverse momentum at hadron colliders. We have demonstrated the capability of exotic Z decay
at future Z-factory to provide the leading constraint in comparison with existing collider limits,
future HL-LHC projections, and current DM searches.

We classify final states of the exotic decays with the number of resonances, and possible topolo-
gies it could have. We make projections on the sensitivity on the branching ratio of exotic Z decay
at future Z-factory. For final states with missing energy, it can provide limits on BR down to
10�6 � 10�8.5 for Giga Z and 10�7.5 � 10�11 for Tera Z. The sensitivities on BR for di↵erent final
states are roughly ordered from high to low as /E`+`� ⇠ /E��, /EJJ and /E�, due to the size of the
SM backgrounds for each mode. In the same final states, it is quite clear the SM backgrounds for
signal with more resonances can be better suppressed. In addition to the final states with missing
energy, we also selectively studied the fully visible final states (JJ)(JJ) and (��)�, where the first
one contains two resonances and the second one contains one resonance. It is interesting to look
for purely hadronic final states at future Z-factories, because it has much less QCD background in
comparison with hadron collider. We found it can provide limits on BR down to 10�5 � 10�6.5 for



23

Conclusion
• from well-motivated models  

Higgs portal ,vector portal,  
high dimensional operators, ALPs  
give leading and complementary reaches  
 

• from model-independent method ( classified by topologies)  
Giga Z limits BR 10⁻⁶ - 10-8.5 
Tera Z limits  BR 10-7.5 - 10-11 
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Figure 16. The sensitivity reach for BR for various exotic Z decay topologies at the future Z-factory (Giga
Z and Tera Z) and the HL-LHC at 13 TeV with L = 3 ab�1. The BR sensitivity generally depends on
model parameter, for example mediator mass and dark matter mass. The dark color region with solid line
as boundary indicates the worst reach for the topology, while the lighter region with dashed line indicates
the best reach. For HL-LHC, we add the light shaded region for the topology 2A, 2C , 3A and 3B to indicate
the e↵ect of an invariant mass window cut for diphoton and dilepton. For the topology 6A, the HL-LHC
limit is obtained by rescaling the ATLAS study at 8 TeV LHC [122] with L = 20 fb�1.

V. CONCLUSION AND DISCUSSION

We have presented a comprehensive study on exotic Z decay at future Z-factories, with emphasis
on its prospects to exploring dark sector models. There are many dark sector models can give rise
to exotic Z decay modes, many of which contain missing energy in the final states. A Z-factory
provides a clean environment for decay modes which can be overwhelmed by large background at
hadron colliders. Another advantage of searching for such exotic Z decay at future e+e� colliders
is the ability of reconstructing the full missing 4-momentum, while we can only reconstruct missing
transverse momentum at hadron colliders. We have demonstrated the capability of exotic Z decay
at future Z-factory to provide the leading constraint in comparison with existing collider limits,
future HL-LHC projections, and current DM searches.

We classify final states of the exotic decays with the number of resonances, and possible topolo-
gies it could have. We make projections on the sensitivity on the branching ratio of exotic Z decay
at future Z-factory. For final states with missing energy, it can provide limits on BR down to
10�6 � 10�8.5 for Giga Z and 10�7.5 � 10�11 for Tera Z. The sensitivities on BR for di↵erent final
states are roughly ordered from high to low as /E`+`� ⇠ /E��, /EJJ and /E�, due to the size of the
SM backgrounds for each mode. In the same final states, it is quite clear the SM backgrounds for
signal with more resonances can be better suppressed. In addition to the final states with missing
energy, we also selectively studied the fully visible final states (JJ)(JJ) and (��)�, where the first
one contains two resonances and the second one contains one resonance. It is interesting to look
for purely hadronic final states at future Z-factories, because it has much less QCD background in
comparison with hadron collider. We found it can provide limits on BR down to 10�5 � 10�6.5 for
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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.
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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.
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Axion-like particles
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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
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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.


