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Universe Pie Chart

Figure: Composition of the universe extracted from PLANCK (NASA/WMAP
Science Team, ESA).
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Dark Matter Observation
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Dark Matter Observation

Figure: Two colliding clusters of galaxies or Bullet cluster 1E 0657-558
(NASA/CXC/M. Weiss).
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Dark Matter (DM) Properties

▶ As particle, DM mass and spin remain unknown.
▶ Other interaction with Standard Model (SM) other than

gravitational force? probably yes, but very weakly
▶ How does DM interact with SM particles?
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One Possible DM-SM Interaction

▶ Dark photon, as a remnant of U(1)
′

gauge, kinetically mixes with
the photon via ϵ.

▶ It may serve as a portal to connect DM with SM.
▶ One possible interaction with axion-like particle (ALP) a in dark

sector [Kaneta, Lee, Yun ’17] :

L ⊃ 1
2

m2
γ′A′

µA′µ +
1
2
εFµνF ′µν − 1

2
Gaγγ′aFµν F̃ ′µν .
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One Possible Phenomenology

▶ Light Shining through the Wall (LSW) experiment relies on
photon-dark photon oscillation to detect dark photon.

▶ ALPS II utilizes laser to generate a large photon numbers.
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Another Phenomenology (Our Focus)

▶ Photon with frequency ω can oscillate into dark photon.
▶ When mγ′ > ma, dark photon decays into axion and secondary

photon dubbed as sub-frequency photon with ωsub < ω [Lee, Lee, Yi

’22] .
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Number of Sub-frequency Photon [Lee, Lee, Yi ’22]

▶ For mγ′ > ma, dark photon decays into axion and sub-frequency
photon with the rate

Γ ≡ Γγ′→a γ =
G2

aγγ′

96π
m3

γ′

(
1 − m2

a

m2
γ′

)3

▶ If |γ⟩ denotes photon mass eigenstate and |γ′⟩ dark photon mass
eigenstate

|γ(t ,L)⟩ = e−i (ωt−ωL) |γ⟩

|γ′
(t ,L)⟩ = e−i (ωt−pL) e−m

γ
′ Γt/2ω |γ′⟩

▶ p =
√

ω2 − m2
γ′ is dark photon momentum.
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Number of Sub-frequency Photon [Lee, Lee, Yi ’22]

▶ The flavor base photon |A⟩ and its orthonormal pair |X ⟩ are
related to mass eigenstate via

▶ If the initial state of the laser |Ψ(0,0)⟩ = |A⟩ then

|Ψ(t ,L)⟩ =
√

1 − ϵ2 e−i (ωt−ωL) |γ⟩+ ϵe−i (ωt−pL) e−m
γ
′ Γt/2ω |γ′⟩

▶ The probability of X decay is

PX→decay(L) = 1 − PX→A(L)− PX→X (L)
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Number of Sub-frequency Photon [Lee, Lee, Yi ’22]

▶ For a light source with power P and frequency ω, the photon flux
is given by Nγ = P/ω.

▶ The number of sub-frequency photon Nsub is given by [Lee, Lee, Yi

’22] :

▶ with the assumptions:
▶ ma << mγ′ < ω

▶
m

γ
′ ΓL√

ω2−m2
γ
′
<< 1, the prompt decay of dark photon is << 1

▶ L∆p >> 2π, which is satisfied for L > 1m
▶ Here, K = ϵGaγγ′ and ∆p = ω − p
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Detection Proposal [Lee, Lee, Yi ’22]

Figure: Proposed setup to detect sub-frequency dark photon in LSW
experiment [Lee, Lee, Yi ’22] .
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Detection Proposal [Lee, Lee, Yi ’22]

▶ The number of detected sub-frequency signal Ndet depends on the
efficiency
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Detection Proposal [Lee, Lee, Yi ’22]
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Detection Proposal [Lee, Lee, Yi ’22]
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Detection Proposal [Lee, Lee, Yi ’22]
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Detection Proposal [Lee, Lee, Yi ’22]

Chrisna Setyo Nugroho (NTNU) Dark Photon in GW Detectors PPP 15 Workshop 18 / 33



Outline

Introduction

Dark Photon-SM Interaction

Sub-frequency Photon Signal at GW Detectors

Summary and Conclusion

Chrisna Setyo Nugroho (NTNU) Dark Photon in GW Detectors PPP 15 Workshop 18 / 33



Gravitational Wave Observatories

▶ Current gravitational waves experiments
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Gravitational Wave Observatories

Figure: [LIGO Caltech]
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Gravitational Wave Detector

Chrisna Setyo Nugroho (NTNU) Dark Photon in GW Detectors PPP 15 Workshop 21 / 33



Michelson Interferometer
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Michelson Interferometer
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Michelson Interferometer
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Sub-frequency Dark Photon in GW Detectors
▶ GW experimental setup supports dark photon search.
▶ High Finesse means high ηcav i.e. high number of photons inside

cavity.
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Sub-frequency Dark Photon in GW Detectors

Figure: LSW dark photon search in GW experimental setup based on
photon-dark photon oscillation [Ismail, CSN, Wong ’23] .
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Sub-frequency Dark Photon in GW Detectors

▶ The signal-to-noise (SNR) is given by

SNR =
Ndet

√
tdet√

Ndet + Nd

▶ We set the observation time tdet = 20 days.
▶ We put the cut-off mγ′ = 0.99ω.

▶ The number of noise is 10−6 Hz.
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Sub-frequency Dark Photon in GW Detectors
▶ We present 1σ exclusion of K vs mγ′

▶ Our results are 2 order magnitudes better than ALPS II
▶ ET-LF only 1 magnitude better due to its lower laser power.

Figure: [Ismail, CSN, Wong ’23] .
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Summary and Conclusion

▶ We propose to implement the detection of sub-frequency photon
originating from dark photon decay in GW experiemntal setup.

▶ The setup is capable to accomodate: dark photon production, its
decay product, and its new physics signal similar to those of
collider machines.

▶ The projected sensitivity is two order magnitudes better than the
proposed implementation in LSW studies.

▶ Limit on K can NOT be obtained by multiplying limit on ϵ and Gaγγ′

separately.
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Backup
▶ Limit on K can NOT be obtained by multiplying limit on ϵ and Gaγγ′

separately.
▶ When both coupling exist in a model, ϵ and Gaγγ′ affect each

other.

Chrisna Setyo Nugroho (NTNU) Dark Photon in GW Detectors PPP 15 Workshop 30 / 33



Remarks

▶ Limit on ϵ is affected by Gaγγ′ if dark photon decays into axion and
photon in addition to hadrons and leptons

▶ The new limit can be recasted using the fact that the number of
event N is constant [Chen, Hsieh, CSN ’24]
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Remarks

Figure: [Chen, Hsieh, CSN ’24] .
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Remarks

Figure: [Chen, Hsieh, CSN ’24] .
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