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Motivation

The Standard Model has demonstrated huge successes in providing
experimental predictions!
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Motivation

But it leaves some phenomena unexplained. Evidences for DM.

(a) Galaxy rotation curves (b) CMB

(c) Gravitational lens (d) Bullet cluster
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The dark photon model

SU(3)C × SU(2)L × U(1)Y×U(1)A′ a new gauge group added

Lagrangian with kinetic mixing of U(1)Y and U(1)A′

Lkinetic = −1

4
Bµν
0 B0,µν−

1

2
σF ′

0,µνB
µν
0 − 1

4
F ′
0,µνF

′µν
0 . (1)

B0 = cWA0 − sWZ0: U(1)Y gauge field
B0,µν = ∂µB0,ν − ∂νB0,µ: U(1)Y gauge field strength tensor
A′
0: dark photon field

F ′
0,µν = ∂µA

′
0,ν − ∂νA

′
0,µ: dark photon field strength tensor

σ: mixing parameter
cW = cos θW , sW = sin θW

After U(1)A′ symmetry breaking, A′
0 receives a mass mA′ .
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The dark photon model

Redefine the fields to get rid of mixing terms.

 A0

Z0

A′
0

 =

 1 0 − cW σ√
1−σ2

0 1 sW σ√
1−σ2

0 0 1√
1−σ2


 A

Z
A′

 . (2)

The mass matrix for the redefined fields A,Z ,A′ is in the form

M =

 0 0 0
0 m2

Z
σsW√
1−σ2

m2
Z

0 σsW√
1−σ2

m2
Z

1
1−σ2m

2
A′ +

σ2s2W
1−σ2m

2
Z

 . (3)

We need to further diagonalize this mass matrix.
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The dark photon model

After diagonalizing the mass matrix, we get the mass eigenstates A1,
Z1 and A′

1, also their masses. Restriction: mZ −mA′ ≫ σ2mZ . In
this work, mA′ : 1 ∼ 60GeV. σ: 10−3 ∼ 10−2.

m2
A1

= 0, (4)

m2
Z1

≈ m2
Z +

m4
Z s

2
Wσ2

m2
Z −m2

A′
, (5)

m2
A′
1
≈ m2

A′ +
(c2Wm2

Z −m2
A′)m2

A′σ2

m2
Z −m2

A′
(6)

Using notation −cWσ = ϵ, the effective Lagrangian concerning A1,
Z1 and A′

1 interaction with SM currents is in the following form

Lint = JµemA1µ + JµZZ1µ + ϵJµemA
′
1µ +

m2
A′ sW ϵ

(m2
Z−m2

A′ )cW
JµZA

′
1µ (7)
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The dark photon model

mA′ < 1MeV, A′ → 3γ, Landau-Yang theorem. The dark photon can
be cosmologically stable, and can be the candidate of dark matter.

Figure: V ∼ A′ and κ ∼ σ

mA′ > 1MeV, A′ → e+e−. The dark photon decays fast and can be
the mediator of the dark force.

ΓA′ =
∑
f

Γ(A′ → f̄ f ) =
∑
f

ϵ2
Q2

f αemmA′

3
(1 +

2m2
f

m2
A′
)

√
1−

4m2
f

m2
A′

. (8)
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Dark photon at a circular e+e− collider

What a circular e+e− collider can do for the dark photon?

We study the prodcution and search for dark photon using porcess
e+e− → γA′∗ → γµ+µ−
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Dark photon at a circular e+e− collider

Parameters for some future e+e− colliders.
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Dark photon at a circular e+e− collider

Feynman diagrams for e−e+ → γµ−µ+ process. s = (p1 + p2)
2,

s3 = (k1 + k2)
2

e− γ

e+

µ−

µ+

p1
γ,Z,A′

k1

k3

p2

k2

e+ γ

e− µ−

µ+

γ,Z,A′

e+

e−

γ

µ−

µ+

γ,Z,A′

e+

e−

γ

µ+

µ−

γ,Z,A′
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Dark photon at a circular e+e− collider

dσγ(γ,Z)/ds3

=
4α3

em(s
2 + s23 )

3s3s3(s − s3)

(
s(ln(s/m2

e)− 1) + s3(ln(s3/m
2
µ)− 1)

)
+

α3
em(8 sin

4 θW − 4 sin2 θW + 1)2

48 sin4 θW cos4 θW

s2 + s23
s2(s − s3)

×

(
s3(ln(s/m

2
e)− 1)

(s3 −m2
Z )

2
+

s(ln(s3/m
2
µ)− 1)

(s −m2
Z )

2

)

− α3
em(1− 4 sin2 θW )2

16 sin4 θW cos4 θW

s + s3
s2(s − s3)

ss3
(s −m2

Z )(s3 −m2
Z )

+
α3
em(1− 4 sin2 θW )2

6 sin2 θW cos2 θW

s2 + s23
s2(s − s3)

(
ln(s/m2

e)− 1

s3 −m2
Z

+
ln(s3/m

2
µ)− 1

s −m2
Z

)

− α3
em

4 sin2 θW cos2 θW

s + s3
s2(s − s3)

(
s3

s3 −m2
Z

+
s

s −m2
Z

)
(9)
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Dark photon at a circular e+e− collider

dσγA′

ds3
≈ 4α3

emϵ
4s3(s

2 + s23 )

3s2(s − s3)((s3 −m2
A′)2 + Γ2A′m2

A′)

(
ln(s/m2

e)− 1
)

(10)

Cross section near mA′ (Γ ≪ σµµ ≪ mA′)

σ
mµµ

γA′

(
σ
mµµ

γ(γ,Z)

)
=

∫ (mA′+σµµ)2

(mA′−σµµ)2

dσγA′

ds3

(
dσγ(γ,Z)

ds3

)
ds3 (11)
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Sensitivities at CEPC and FCC-ee circular colliders

The SM contributions Nγ(γ,Z) and dark photon contribution NγA′

Nγ(γ,Z) = σ
mµµ

γ(γ,Z)LT , NγA′ = σ
mµµ

γA′ LT . (12)

Take the resolution of the invariant mass measurement similar to
LHCb, σµµ = 0.5%mA′ .

NγA′ : signal√
Nγ(γ,Z): the statistic sensitivity for SM background

χ = NγA′/
√
Nγ(γ,Z): indicator how well one can obtain constraints

on ϵ2 and mA′
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Sensitivities for CEPC and FCC-ee circular colliders

Cross section for SM background and dark photon contribution for
different dark photon masses.

mA
′=60GeV

mA
′=40GeV

mA
′=20GeV

mA
′=1GeV

100 150 200 250 300 350 400
5⨯10-40

1⨯10-39

2⨯10-39

5⨯10-39

1⨯10-38

2⨯10-38

5⨯10-38

s (GeV)

σ
γ
(γ

,Z
)(

c
m

2
)

mA
′=60GeV

mA
′=40GeV

mA
′=20GeV

mA
′=1GeV

100 150 200 250 300 350 400
5⨯10-36

1⨯10-35

2⨯10-35

5⨯10-35

1⨯10-34

2⨯10-34

5⨯10-34

s (GeV)

σ
γ

A
′ /ϵ

2
(c

m
2
)
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Sensitivities for CEPC and FCC-ee circular colliders

One-year running events number for different colliders.

CEPC, s =240GeV

FCC-ee, s =160GeV

FCC-ee, s =240GeV

FCC-ee, s =350GeV

10 20 30 40 50 60
102

103

104

105

106

mA
′(GeV)

N
γ
(γ

,Z
)

CEPC, s =240GeV

FCC-ee, s =160GeV

FCC-ee, s =240GeV

FCC-ee, s =350GeV

10 20 30 40 50 60
106

107

108

109

1010

mA
′(GeV)

N
γ

A
′ /ϵ

2
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Sensitivities for CEPC and FCC-ee circular colliders

BaBar2014

BaBar2017

Belle-II

ATLAS/CMS

LHCb μμ prompt

LHCb2017
CEPC 240GeV χ=2

FCC-ee 160GeV χ=2

FCC-ee 240GeV χ=2

FCC-ee 350GeV χ=2

ϕ J/ψ ψ(2S) ϒ(nS)

CEPC 240GeV assumes 0.63ab-1

FCC-ee 350GeV assumes 2.6ab-1

FCC-ee 240GeV assumes 11ab-1

FCC-ee 160GeV assumes 47ab-1

LHCb μμ prompt assumes 15fb-1

ATLAS/CMS assumes 300fb-1

Belle-II assumes 50ab-1

1 2 5 10 20 50 60

5⨯10-9

1⨯10-8

2⨯10-8

5⨯10-8

1⨯10-7

2⨯10-7

5⨯10-7

1⨯10-6

2⨯10-6
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2⨯10-5

mA′ (GeV)

ϵ
2
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Summary

We have studied the possibility of searching for dark photon at a
circular e+e− collider through the process e+e− → γA′∗ → γµ+µ−.

The CEPC and FCC-ee e+e− colliders can provide good sensitivity
especiallly for dark photon mass at range 20 ∼ 60GeV.

In the range of 20 GeV to 60 GeV for mA′ , the smallest σµµ is 100
MeV which is reachable at the CEPC and FCC-ee.

Still working on the detector simulation.
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Backup
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σNLO/σγ(γ,Z) = 5× 10−5

Table: ratio of interference term to dark photon contribution at ϵ = 10−2

mA′(GeV)

σint
σγA′

(10−5)
√
s(GeV)

160 240 350

1 3.1 3.1 3.1

30 6.0 5.4 5.2

60 12 9.3 8.1
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Table: ratio of additional dark photon contribution to old dark photon
contribution at ϵ = 10−2

mA′(GeV)

σnew
γA′−σγA′

σγA′

√
s(GeV)

160 240 350

1 3.7× 10−11 3.7× 10−11 3.7× 10−11

30 4.0× 10−5 4.0× 10−5 4.0× 10−5

60 5.2× 10−3 5.2× 10−3 5.2× 10−3
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Sensitivities for CEPC and FCC-ee circular colliders

BaBar

Belle-II

ATLAS/CMS

LHCb μμ prompt

CEPC χ=1

CEPC χ=2

CEPC χ=3

CEPC χ=5

ϕ J/ψ ψ(2S) ϒ(nS)

CEPC assumes 0.63ab-1

(One-year running at 240GeV)

LHCb μμ assumes 15fb-1

ATLAS/CMS assumes 300fb-1

Belle-II assumes 50ab-1
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ϵ
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Sensitivities for CEPC and FCC-ee circular colliders

BaBar

Belle-II

ATLAS/CMS

LHCb μμ promptCEPC χ=1

CEPC χ=2

CEPC χ=3

CEPC χ=5

ϕ J/ψ ψ(2S) ϒ(nS)

CEPC assumes 6.3ab-1

(Ten-year running at 240GeV)

LHCb μμ assumes 15fb-1

ATLAS/CMS assumes 300fb-1

Belle-II assumes 50ab-1

1 2 5 10 20 50 60
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Sensitivities for CEPC and FCC-ee circular colliders

BaBar

Belle-II

ATLAS/CMS

LHCb μμ prompt

FCC-ee χ=1

FCC-ee χ=2

FCC-ee χ=3

FCC-ee χ=5

ϕ J/ψ ψ(2S) ϒ(nS)

FCC-ee assumes 47ab-1

(One-year running at 160GeV)

LHCb μμ assumes 15fb-1

ATLAS/CMS assumes 300fb-1

Belle-II assumes 50ab-1
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