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Dark Photon production

▶ Gravitational particle production (inflationary fluctuations)
P.Graham, J.Mardon, S.Rajendran (2016), E. Kolb, A.Long(2021)

ΩA′ = ΩCDM ×
√

mA′

6× 10−6 eV
·
(

HI
1014 GeV

)2

▶ Axion oscillation P.Agrawal, N.Kitajima, M.Reece, T.Sekiguchi, F.Takahashi(2020)

ΩA′h2 ≃ 0.2 · θ2
(
40

β

)( mA′

10−9 eV

)(10−8 eV
ma

)1/2( Fa
1014 GeV

)2

with β
4Fa

· ϕF ′
µνF̃ ′µν

▶ Misalignment mechanism A.Nelson, J.Scholtz (2011), P.Arias et.al.(2012)

Requires non-minimal coupling to gravity κ
12RA′

µA′µ, otherwise
ρ ∝ R−4 for t ≪ m−1

A′ , giving too small relic density
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Dark Photon Polarization

▶ Axion oscillation dominantly produces a specific dark photon
helicity.

▶ Mis-alignment mechanism naturally leads to relic DPDM with a
fixed polarization within the cosmological horizon.

▶ The direction of the DP field remains unchanged for most of the
universe history.

▶ Two phenomenological extreme cases: fixed polarization and
randomised polarization. Any real scenarios will be bounded
within these two limits.
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Dark Photon Detection[Limit plot from 2105.04565]
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Dark photon cavity haloscope
The low-energy effective Lagrangian

L ⊃ −1

4
FµνFµν − 1

4
XµνXµν +

sinα

2
FµνXµν + eJµ

EMAµ +
m2

X cos2 α
2

XµXµ

The cavity power

Pcav = κGXVQρDMχ2mX cos2 θ

Volumn V , quality factor Q, coupling factor κ, χ = tanα, cos θ =
ẑ · X̂ , ẑ is sensitive direction, X̂ is the DM polarization direction.

Geometry factors GX =
(
∫

dV E⃗αX̂)2

V 1
2

∫
dV ϵ(x)E2

α + B2
α

Compared with the Axion power:

Pcav = κGaV
Q
ma

ρDMg2
aγB2,Ga =

(
∫

dV E⃗αB⃗)2

VB2 1
2

∫
dV ϵ(x)E2

α + B2
α

Recast from gaγ to χ: χ = gaγ
B

mX | cos θ|
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TASEH axion limits to dark photon limits

Measuring with periods T

1.64(∼ 95%C.L.) =
(

p0
Xχ2mX ⟨cos2 θ(t)⟩excl.

T
σN

)
DP

=

(
p0

Xg2aγB2

σN

)
Axion

χ = gaγ
B

mX

√
⟨cos2 θ(t)⟩excl.

T
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Dark photon cavity search with polarization
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Phys.Rev.D 104 (2021) 9, 095029

X̂ = (sin θX cosϕX , sin θX sinϕX , cos θX )

Ẑ (t) = (cosλlab cosωt, cosλlab sinωt, sinλlab)

λlab is the latitude, ω = 2π/(1 sidereal day) angular frequency of the Earth’s rotation

cos θ(t) = X̂ · Ẑ (t)
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Conversion factor with DP polarization
DP signal power accumulated over a measurement time T

⟨cos2 θ(t)⟩T =
1

T

∫ T

0
cos2 θ(t)dt

over multi-measurement Ti

⟨cos2 θ(t)⟩T =
1∑
Pi

(
P1

T1

∫ Tstart
1 +T1

Tstart
1

cos2 θ(t)dt +
P2

T2

∫ Tstart
2 +T2

Tstart
2

cos2 θ(t)dt + · · · )

▶ For randomized polarization (Independent of time):
1

4π

∫
⟨cos2 θ(t)⟩T d cos θXdϕX =

1

3

▶ For fixed polarization[see 2105.04565]:
∫

dPX

∫
dNf (PX )f (N) =

∫ 1

0
d⟨cos2 θ(t)⟩T

f (⟨cos2 θ(t)⟩T )

2
[1 + erf(

−P0
X ⟨cos2 θ(t)⟩T√

2σN
)] = 0.05

⟨cos2 θ(t)⟩excl.
T =

1.64σN

P0
X
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Lattitude dependence for fixed polarization

▶ Measuring for a whole day:

⟨cos2 θ(t)⟩1 day =
1

8
(3 + cos 2θX − (1 + 3 cos 2θX ) cos 2λlab)

▶ Sampling spherical symmetric θX → ⟨cos2 θ(t)⟩1 day distribution.
▶ Calcualate the conversion factor ⟨cos2 θ(t)⟩excl.

T
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T

103
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Measurement time dependence

▶ Measuring a period T

cos θ(t) = sin θX cosϕX cosλlab cosωt + sin θX sinϕX cosλlab sinωt + cos θX sinλlab

▶ Taking T = 1/48 day ∼ 0.5 hour, λlab = 25◦ → f (⟨cos2 θ(t)⟩T )
→ ⟨cos2 θ(t)⟩excl.

T ∼ 0.025

▶ Taking T = 1/12 day ∼ 2 hour, λlab = 25◦ → f (⟨cos2 θ(t)⟩T )
→ ⟨cos2 θ(t)⟩excl.

T ∼ 0.048

▶ Changing the integration time

0.0 0.2 0.4 0.6 0.8 1.0

cos2
T

10 2

10 1
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T
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ex
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Multiple measurement with pausing time

▶ Repetitive measurement with Tint = 30 mins and
Twait = 0, 10, 20, .. mins, Ttot = Tint + Twait
(assuming the same power for each measurement)
⟨cos2 θ(t)⟩T =

1

Tint
(

∫ Tint

0
cos2 θ(t)dt +

∫ Ttot+Tint

Ttot
cos2 θ(t)dt +

∫ 2Ttot+Tint

2Ttot
cos2 θ(t)dt + · · · )
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The TASEH experiment
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The detector configuration and the measurements

Latitude: λTASEH = 25◦

Rescanning strategy:
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The data analysis procedure

▶ Perform fast Fourier transform (FFT) on
the IQ time series data to obtain the
frequency-domain power spectrum.

▶ Apply the Savitzky-Golay (SG) filter to
remove the structure of the background
in the frequency-domain power spectrum.

▶ Combine all the spectra from different
frequency scans with the weighting
algorithm.

▶ Merge bins in the combined spectrum to
maximize the SNR.

▶ Rescan the frequency regions with
candidates and set limits on the
axion-two-photon coupling.
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The bounds obtained for axion

Blue error band indi-
cates the systematic
uncertainties
Gray band shows the
allowed region of vari-
ous QCD axion models
Dashed lines are the
values predicted by
the KSVZ and DFSZ
benchmark models
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Rescan strategy at TASEH

▶ Total 839 scans
▶ Scan step size ∼ 100 kHz
▶ Width of each scan 1600 kHz
▶ Integration time ∼ 40 mins
▶ Waiting time ∼ 2 mins
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An example: f = 4.712705 GHz

⟨cos2 θ(t)⟩T =
1∑
Pi

(
P1

T1

∫ Tstart
1 +T1

Tstart
1

cos2 θ(t)dt

+
P2

T2

∫ Tstart
2 +T2

Tstart
2

cos2 θ(t)dt + · · · )
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Conversion factor
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. The expected ax-
ion bandwidth is
about 5 kHz.
. Five consecutive
bins are merged to
construct a final
spectrum.
. Maximal like-
lihood weight for
merging

wgk =
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(σg+k−1)2
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The dark photon bound from TASEH
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Dark photon signal candidates?

The merged spectrum before and after rescan:
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There are 22 candidates with an SNR greater than 3.355 → Rescan

Two candidates, in the frequency ranges of
4.71017 –4.71019 GHz and 4.74730 –4.74738
GHz
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The frequency 4.74730 –4.74738 GHz

SNR before and after rescan
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The signal was detected via a portable antenna outside the DR and found to come from the
instrument control computer in the laboratory.
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The frequency 4.71017 –4.71019 GHz

SNR before and after rescan (SNR: 3.801 → 4.593 @ 4.710179 GHz)
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The signal was not detected outside the DR but still present after turning off the external
magnetic field.
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Fit rescaled RDP with DP line shape and power
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(
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π
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(
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)3/2

× exp
(
−

3(f − fa)
1.7fav2

DM

)

with vDM = 270 km/s

Signal Power (assuming random polarization):

PX =

(
χ

χ0

)2

PKSVZ =

(
χ

χ0

)2

× (gaγγ
ρa

m2
a
ωcB2

0VCmnlQL
β

1 + β
)

where kinetic mixing

χ0 =
gKSVZ

aγγ B0

ma cos θ
∼ 3.350× 10−16
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Fit to rescaled relative deviation of power (w/o merge)

Before and after rescan
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Power rescaled to the KSVZ axion including Lorentzian cavity response.
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The time dependent information for resolving DP polarization (overview)
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The time dependent information for resolving DP polarization (zoom-in)
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Conclusion
▶ Dark photon is viable DM, can be produced with polarization and

remains polarized during the evolution of the universe.
▶ TASEH experiment provides a unique chance to investigate the

DP in the mass range ∼[19.4,19.9] µeV. A more precise DP bound
is obtained for the fixed polarization scenario (one order of
magnitude stronger then previous estimation).

▶ The rescanning strategy at TASEH helps improve constraints on χ
for the polarized DP scenario.

▶ A measured signal is explained by a random polarized DP, given
mass and coupling χ.

▶ Polarization measurement needs longer integration time.
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Backup: Conversion factor in [4.7500,4.7501]
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Weighting algorithm in combination

Rescale the relative deviation of power: an axion signal is equal to unity
if the signal power is distributed in only one frequency bin.

δres
ij = Rijδij , σres

ij = Rijσi for ith scan, jth bin

Rij =
kBTsys∆fbin

PKSVZ
ij hij

, hij =
1

1 + 4Q2
Li(fij/fci − 1)2

For given frequency fn, combine all related scans with weight ωn = 1
(σres

ij )2

δcom
n =

∑
(δres

ij · ωn)∑
ωn

, σcom
n =

√∑
(σres

ij · ωn)2∑
ωn

Jinmian Li (Sichuan University) DP@TASEH Oct. 14th 30



Merging five consecutive bins

Given the signal shape F(f , fa), the rescaling for kth bin, k = 1, · · · , 5

Lk =

∫ fa+δfmis+k∆fbin

fa+δfmis+(k−1)∆fbin

F(f , fa)df

The average (L̄k) over the ranges of fa and δfmis: 0.23, 0.33, 0.21, 0.11, 0.06.

δmerge
g =

∑
k

δcom
g+k−1

L̄k
· ( L̄k

σcom
g+k−1

)2∑
k(

L̄k
σcom

g+k−1
)2

, σmerge
g =

1√∑
k(

L̄k
σcom

g+k−1
)2
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