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Dark Photon production

» Gravitational particle production (inflationary fluctuations)

P.Graham, J.Mardon, S.Rajendran (2016), E. Kolb, A.Long(2021)

2
ma H[
Q=0 N
Ar = SEepM X \/6 X 10-6 oV (1014 Gev>

> AXIOH OSCillation P.Agrawal, N.Kitajima, M.Reece, T.Sekiguchi, F.Takahashi(2020)

40 ma 108 eV /2 F, \2
QOuh2~0.2-60°2 A ) =1 e
ah”=0.2-6 (5) (10—9 eV> ( M ) 1014 GeV

/A Rl
- QF,, F"
> Mlsallgnment mechanism a. Nelson, J.Scholtz (2011), P.Arias et.al.(2012)
/ w .
Requires non- mmlmal coupling to gravity 15RA A", otherwise

pox R for t <« m7 A, , giving too small relic denS1ty
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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.
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Dark Photon DetectionLimit plot from 2105.04565]
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Dark photon cavity haloscope

The low-energy effective Lagrangian

1 1 sin o my COS” o
LD —Z Fu P = 2 X, X1+ ——F* X, + eJbn Ay + ————

The cavity power

Peav = kGx VQpprnx°mx cos® 0

Volumn V, quality factor @, coupling factor x, x = tana, cos =
z- X, z is sensitive direction, X is the DM polarization direction.

([ dV EqX)?
Vi [dVe(z)E2 + B2

Geometry factors Gy =

Compared with the Axion power:

([ dV Eq B)?
VB2Z [dVe(z)E2 + B2

Q
Peav = kG, V_pDMgg»yBQaga =
Mg

Recast from g, to X: X = guy —mxlfos 0|
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TASEH axion limits to dark photon limits

Measuring with periods T

p())(x2mx<00829(t)>%3(d'> _ [ Px9a, B’
DP
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of . Phys.Rev.Lett. 129 (2022) 11, 111802 *
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Dark photon cavity search with polarization

Geocentric coordinates Detector-centric coordinates

Axial R
experiments Z

Phys.Rev.D 104 (2021) 9, 095020

A

X = (sinfx cos ¢ x,sinfx sin ¢ x, cosOx)
Z(t) = (coS Ajap COS Wi, COS Alap Sin wt, sin Aap)

Alab is the latitude, w = 27 /(1 sidereal day) angular frequency of the Earth’s rotation

cosO(t) = X - Z(t)
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Conversion factor with DP polarization

DP signal power accumulated over a measurement time T

T
(cos® O(t))r = %/0 cos? 0(t) dt

over multi-measurement T’

1 p Ti’tart"i‘Tl P Tgtart_i_TQ
(—1/ cos? O(t)dt + -2 cosZ O(t)dt + - --)

Titart T2 Tstart

(cos? 0V 7 = = (o

» For randomized polarization (Independent of time):

1 1
— [ (cos?O(t)) pdcosOxdox = =
41 3
» For fixed polarization|see 2105.04565]:
[t 2 f({cos® 6(1)) 1) —P%(cos® 0(t))p .
/dPX/de(PX)f(N) _/O d(cos? 6(£)) 1 _ [1 + erf( oo )] = 0.05
2 excl. _ 1.640y
(cos™ O(t)) + = Pg)(
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Lattitude dependence for fixed polarization

» Measuring for a whole day:

1
(cos® O())1 day = §(3 + cos20x — (1 4 3 cos20x) cos 2\ jap)

» Sampling spherical symmetric 0x — (cos® 0(t))1 gay distribution.

» Calcualate the conversion factor (cos? 6(t))sxc!

T
Alap = 25° Sensitivity to latitude
0.30 1
101 0.25
]
S 0,20
D
o
& 0151
2
0.10 1
0.05 1
10° . . . . . . . . . :
0.0 0.2 0.4 0.6 0.8 1.0 =75 =50 =25 0 25 50 75
(cos?6)r Latitude
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Measurement time dependence

» Measuring a period T'

cos 6(t) = sin O x cos ¢ x cos Ajap cos wt + sin O x sin ¢ x cos Ajap Sin wt + cos O x sin Ajap
» Taking T = 1/48 day ~ 0.5 hour, A\, = 25° — f({cos? 0(t)) 1)
— {cos? 0(1))5x! ~ 0.025

» Taking T' = 1/12 day ~ 2 hour, A\, = 25° — f({cos? 0(t)) 1)
— {cos? 0(1))xl ~ 0.048

» Changing the integration time

Alap = 25°, half hour Alab =25°, 2 hours

(COSZQ)%I_XCI.
° o

0.4 0.6 0.4 0.6 0.8 0.0 0.2 D‘A 04‘6 U‘,E
(cos?6)r (cos?6)r Integration time [day]
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Multiple measurement with pausing time

» Repetitive measurement with Ti,y = 30 mins and
Twait — 07 107 207 .. mins, Ttot — Tint + Twait
(assuming the same power for each measurement)

T Tyor+T: 2Ty ot +T:
(cos2 6(t)) p = (/0 it g2 9(t)dt+/ ot Tt 2 g(nyar+ [ Ot

int Ttot 2Ttot

Twait =0 mins

Twait =20 mins
0.30 0.30
0.25 0.25
3 3
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> >
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o o
L L
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a:”: 0.20 a:”: 0.20
D D
~ ~
v 0.15 v 015
o =]
IC) IC)
0.10 0.10
0.05 0.05
0 10 20 30 40 50 0 10 20 30 40 50
Number of rescan Number of rescan
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The TASEH experiment
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The detector configuration and the measurements

fio 4.70750 GHz
fhi 4.79815 GHz
Nstep 837 Latitude: Atasgg = 25°
Afe 95-115kHa
By 8 Tesla escanning strategy:
% 0.234 L ) -

1 2021.10.13  18:22.10 2021.10.13  18:55.89  4.798147 61469
010 . - . 2021.10.13  19:08.22 2021.10.13  19:41.23  4.798036 61540

2021.10.13  19:48.41 2021.10.13  20:28.08  4.797927 61623
2021.10.13  20:40.55 2021.10.13  21:13.55 4.797813 61612

QU 58000 — 65000 2021.10.13  21:22.33 2021.10.13  21:55.34  4.797705 61426
2021.10.13  22:00.46 2021.10.13  22:33.46  4.797596 61500

2021.10.13  22:41.50 2021.10.13  23:14.58  4.797483 61485

1 2 2021.10.13  23:19.55 2021.10.13  23:52.55  4.797375 61639

. - N 2021.10.13  23:56.47 2021.10.14  00:29.47  4.797263 61671

2021.10.14 ©00:33.18 2021.10.14 01:06.19 4.797164 61595

2021.10.14  01:11.26 2021.10.14 01:44.26  4.797067 61743

! 27_28 mK 2021.10.14  01:47.20 2021.10.14  02:20.21  4.796959 61700
mx 2021.10.14  ©02:23.24 2021.10.14 ©02:56.24  4.796860 61729
2021.10.14  ©03:00.29 2021.10.14 03:33.29  4.796754 61858

l"! 1 155 I< 2021.10.14  ©03:38.17 2021.10.14 04:11.19  4.796654 61540
c 11 2021.10.14  04:13.47 2021.10.14  04:46.46  4.796546 61741
2021.10.14  04:50.51 2021.10.14 85:23.52  4.796436 61546

2021.10.14  ©5:27.59 2021.10.14 06:00.59  4.796326 61758

l 1 9—2 2 K 2021.10.14  06:04.49 2021.10.14 06:38.18  4.796223 61755
a * * 2021.10.14  06:43.24 2021.10.14 07:16.24  4.796120 61680

Afa 5 kHz
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The data analysis procedure

T
100 -
« data

Power (W]

» Perform fast Fourier transform (FFT) on - N :
the IQ time series data to obtain the I \{# |
frequency-domain power spectrum. i &M N

0.002 - 001 0.0
RDP (Raw Power / SG Filter -1)

Raw Power / SG Filter - 1

» Apply the Savitzky-Golay (SG) filter to o

c 5 - q
z E 3
remove the structure of the background 7 :: -
in the frequency-domain power spectrum. :
0
» Combine all the spectra from different .
. . . -2
frequency scans with the weighting o s
. ~“E | E
algorithm. B s T i s
Frequency [GHz]
» Merge bins in the combined spectrumto _ .
maximize the SNR. ? fE theshos-asss E
» Rescan the frequency regions with 1
0£ i
candidates and set limits on the
: . -2 E é
axion-two-photon coupling. o £
::E\|\\\\|\\\||\\\\|\\\\l\\l\‘\\l\‘\\l\‘\\l\‘\\\\g
4.71 4.72 4.73 4.74 4.75 4.76 477 478 479

Lt
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The bounds obtained for axion

19.5 19.6 19.7 198 Ma [ueV]
"T_‘ _l 1 1 I 1 1 1 ] I 1 1 ] 1 I 1 1 1 ] I ] 1 l_ "T_‘
% 13 :_ 20 :I LI I L I LU | LU | LI I LI I LI I: _: 13 %
o F = 14 © . .
s 12 15F ( Jh 442 Blue error band indi-
2 o . ;1J cAPP TASEH CD102 43 2 cates the systematic
= " :_ 555 = HAYSTAC HAYSTAC = _: " = uncertainties
= - 2 - CAPP CAPP KSvz 3 : F
9 10 -_ (;; 0 E_::::::|'======|=======|======|===D'=:§Z==|======|=====E_ __ 10 9 Gray l)a]:l(i S}IOWS t]:le
= 1 2 3 4 5 6 7 3 allowed region of vari-
9 Frequency [GHz] _-—

- 1 ous QCD axion models
8F 98¢ Dashed lines are the
£ 4, values predicted by

. ] the KSVZ and DFSZ
6= —

- : benchmark models
5 -_ 1 1 1 l 1 1 L I 1 1 1 I 1 1 L I 1 L 1 I 1 _- 5
4.70 4.72 4.74 4.76 4.78 4.80

Frequency [GHZz]
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Rescan strategy at TASEH

spectrum in each step

: ;'eLl‘! 1 \_Llsllep!!‘al LU | L I T | LI | L | LI |
— step — step = 14
— step

=2
=3 — step=15
— step=4  — step=16
— step=5 step =17
6
7
8

— step = —— step=18
step = step = 19

» Total 839 scans -
» Scan step size ~ 100 kHz
» Width of each scan 1600 kHz

» Integration time ~ 40 mins

— step=20
— step=21
—— step =22
— step=23
— step=24

\\IIl\\lll\lllll\l\llllllll

47070 4.7075 4.7080 4.7085  4.7090

Ll Ll | Ll Ll | Ll |
47095 47100 47105 4.7110
Frequency [GHz]

» Waiting time ~ 2 mins

scan ibin frequency power

Timing information

0
300 325 350 375 40.0 425 450 475 500

140

120

100

80

60

40

20

Timing information

0

1

783
784
785
786
787
788
789
790
791

102
212
317
426
530
631
733
841
944

[4.
[4.
[4.
[4.
[4.
[4.
[4.
[4.
[4.

71270500e+00
71270500e+00
71270500e+00
71270500e+00
71270500e+00
71270500e+00
71270500e+00
71270500e+00
71270500e+00

2
2
2
2
2
2
2
2
2

.76785695e-101
.76790478e-101]
.77402236e-10]
.77637399e-101
.77624467e-101]
.79422577e-101
.82600761e-10]
.83103894e-10]
.79373589e-101

2 3 4 5 6 7 8
Waiting time [min]

792
793
794
795
796
797

1046 [4.71270500e+00 2.77746504e-10]
1152 [4.71270500e+00 2.77014806e-10]
1255 [4.71270500e+00 2.76267654e-10]
1364 [4.71270500e+00 2.76283169e-10]
1467 [4.7127050e+00 2.7579391e-10]

1567 [4.71270500e+00 2.76006453e-10]

Integration time [min]

DPQTASEH Oct. 14th
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An example: f =4.712705 GHz

2021.11.13 :55.17 2021.11.13  18:37.26
2021.11.13  18:40.11 2021.11.13  19:22.20
2021.11.13  19:24.49 2021.11.13  20:06.58
start 2021.11.13  20:10.45 2021.11.13  20:52.54
1 P 77 + T4 2021.11.13  21:00.27 2021.11.13  21:42.37
2 0 _ 1 2 9(+)d 2021.11.13 21:45.38 2021.11.13  22:27.48
<COS (t)>T = == == COs (t) t 2021.11.13  22:30.56 2021.11.13  23:13.06
ST P; Th Jpstart 2021.11.13  23:17.56 2021.11.14  00:00.05
1 2021.11.14 00:04.25 2021.11.14 ©00:46.36
2021.11.14 ©00:49.28 2021.11.14 ©01:31.38
Ps Tgtart-i-Tz 0 2021.11.14 01:34.39 2021.11.14 ©02:16.48
2021.11.14 ©02:19.19 2021.11.14 03:01.29
+ — cos“ O(t)dt + -+ ) 3051.11.14 03.03.43 2021.11.14  03:45.53
To Jpstart 2021.11.14 ©03:48.02 2021.11.14 04:30.11
2 2021.11.14 04:32.47 2021.11.14 05:14.57
2021.11.14 ©5:18.40 2021.11.14 ©6:00.51
2021.11.14 ©06:04.33 2021.11.14  06:46.43
2021.11.14 06:50.42 2021.11.14 ©7:32.52
2021.11.14  07:35.26 2021.11.14  08:17.37
f=4.712705 GHz f=4.712705 GHz
0.12
0.10
. 0.08
%
ok
D 0.06 |
o~
0
o
L 0.044
0.02 A
0.00 A
0.0 0.2 0.4 0.6 0.8 1.0 2' 4’1 (’5 é 1'0 1'2 1'4
(cos?0)+ Number of rescan
Jinmian Li (Sichuan Uni DPQTASEH Oct. 14th
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.713616
.713508
. 713403
.713293
.713188
.713079
. 712975
.712874
712771
.712664
.712561
. 712459
.712352
. 712249
.712140
.712038
.711938
.711829
. 711720
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Conversion factor

Conversion factor

0.25 4
. The expected ax-
ion bandwidth is
0.201 about 5 kHz.

_ . Five consecutive
E bins are merged to
Uk 0.15 - construct a final
D spectrum.

N Maximal like-
o lihood weight for
O 0.10 .

—~ merging

—— Before merge 1
— w k= ——=
0.05 A Average P (Ggn1)?
—— Minimal
4.I72 4.I74 4.I76 4.I78 4.I80

Frequency [GHZz]
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The dark photon bound from TASEH

TASEH dark photon

—_
3
\O

Cosmology,

10~10
—11 .
oo 10 E
5 =
x —12
31074 =
= =
2 m
T 10713 =
5 =
“ 1014 4 -
E = Caputo et.al. E
10_15 é - Ei::cillfc())ll No merge E
3 F?xed Pol.: AYg. merge ODM = 045 GeVem =3 E
16 — Fixed Pol.: Min. merge —
10 | I | |
194 19.5 19.6 19.7 19.8 19.9

Dark photon mass [ueV]
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Dark photon signal candidates?

The merged spectrum before and after rescan:

4 A 4
l 1 i i 1 4

2 2
o o
Z 0 2 o0
V)] wn

-2 -2

T T + I t —t
| ]
4.72 4.74 4.76 4.78 4.72 4.74 4.76 4.78

Frequency [GHz] Frequency [GHz]

There are 22 candidates with an SNR greater than 3.355 — Rescan

Start YYYY.MM.DD  hh:mm:ss  Stop YYYY.MM.DD hh:mm:ss Frequency [GHz] Q@
.710179

2021.11.15 15:28.35 2021.11.15 16:10.44 65291

2021.11.15  16:14.06 2021.11.15  16:56.16  4.710180 65437 X i

2021111.15  16:58.30 2021.11.15  17:40.41 4.710180 64777

2021.11.15  17:43.47 2021.11.15  18:25.56  4.710179 65561 Two Candldates, in the frequency ranges of
2021.11.15 18:28.47 2021.11.15 19:10.57 4.710179 65347

2021.11.15  19:12.53 2021.11.15 19:55.03  4.710179 65322

2021.11.16  86:51.46 2021.11.16  07:33.54 4.71e180 65382 — G —

2021111.16  07:37.26 2021.11.16  08:19.35 4.710180 65403 4.71017 -4.71019 Hz and 4.74730 —4.74738
2021111.16  08:23.20 2021.11.16  09:05.30 4.710180 65454

2021.11.16 09:11.44 2021.11.16 09:57.40 4.710181 65389

2021.11.16  10:01.12 2021.11.16  10:43.22 4.71e180 65454 GHz

2021.11.16  10:47.05 2021.11.16  11:29.15 4.71e180 65517

2021.11.16 11:35.18 2021.11.16 12:17.28 4.710181 65456

2021.11.16 12:20.38 2021.11.16 13:02.47 4.710181 65423

Jinmian Li (Sichuan University) DPQTASEH Oct. 14th 21



The frequency 4.74730 —4.74738 GHz

SNR before and after rescan

30

20 A

10 A

~10-

SNR

—20

0 T T T T T T T
0.00026 0.00028 0.00030 0.00032 0.00034 0.00036 0.00038 0.00040

+4.747

Frequency [GHz]

SNR

30

—20 -

0 T T T T T T T
0.00026 0.00028 0.00030 0.00032 0.00034 0.00036 0.00038 0.00040

+4.747

Frequency [GHZ]

The signal was detected via a portable antenna outside the DR and found to come from the

instrument control computer in the laboratory.

DPQTASEH Oct. 14th 22
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The frequency 4.71017 —4.71019 GHz

SNR before and after rescan (SNR: 3.801 — 4.593 @ 4.710179 GHz)

4 . 1

I
: \ N N A
Ay \ A AV A W A

BT ALTVA AR A

v v ve oo VAV Y

T T T T T T T T T T
0.00012 0.00014 0.00016 0.00018 0.00020 0.00022 0.00024 0.00012 0.00014 0.00016 0.00018 0.00020 0.00022 0.00024

Frequency [GHZz] 471 Frequency [GHz] a7

The signal was not detected outside the DR but still present after turning off the external

magnetic field.

Jinmian Li (Sichuan University) DPQTASEH Oct. 14th
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Fit rescaled RDP with DP line shape and power

fa=4.7 GHz
—— Maxwell-Boltzmann distribution
3500001 The lab frame
i —— Approximation
300000 PP f—f, 1/2 3 3/2
250000 F(f) ~ 2 1 f 2
T L.7favs
200000 1
150000 - 3(f — fa)
Xexp|———7—>5—
100000 A 1.7faUDM
50000
. with vpps = 270 km/s
0.0 05 1.0 15 2.0
Frequency [GHz] le=5+4.7

Signal Power (assuming random polarization):

2 2
X X Pa
Px = <—> Pxsvz = (—> X (gary —5 weBs VCmm QL )
X0 X0 mg 146
where kinetic mixing
KSVZ
Yo = 22y 0 3350 10716
Mg cos 0

Jinmian Li (Sichuan University) DPQTASEH Oct. 14th
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Fit to rescaled relative deviation of power (w/o merge)

Before and after rescan

30 A

20 A

10 1

rescaled RDP (6™°)

rescaled RDP (6°)

—30

T T T T T -15 T T T T T
0.00012 0.00014 0.00016 0.00018 0.00020 0.00022 0.00024 0.00012 0.00014 0.00016 0.00018 0.00020 0.00022 0.00024
Frequency [GHz] 471

Frequency [GHz] 471

2
(X—XO) — 101.68, my = 4.71017829 GHz, (%)2 — 41.59, my = 4.710178 GHz,
Ax? =12.82, x = 3.378 x 10~ 1°

Ax? = 21.40, x = 2.160 x 101

Power rescaled to the KSVZ axion including Lorentzian cavity response.
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The time dependent information for resolving DP polarization (overview)

—— DP signal(x20)

rescaled RDP (6"%%)
g
rescaled RDP (6°)
g

—— DPsignal(x20) —— DP signal(x20) —— DPsignal(x20) —— DP signal(x20)

rescaled RDP (6°)
rescaled RDP (6°)
rescaled RDP (6"%%)
rescaled RDP (6°)

rescaled RDP (6%)
rescaled RDP (6°)
rescaled RDP (6"%%)
rescaled RDP (6°)

rescaled RDP (6°)
rescaled RDP (6°)
rescaled RDP (6"%%)
rescaled RDP (6°)

rescaled RDP (6"%%)
rescaled RDP (6°)
.

—— DPsignal(x20) —— DP signal(x20)

15

—— DPsignal(x20) —— DP signal(x20) —— DPssignal(x20)

st

00 00 00 -1500 -1500
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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] peV. 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
for the polarized DP scenario.

» A measured signal is explained by a random polarized DP, given

mass and coupling .

» 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.

055" = Ryjdyj, 055> = Ryoy for ith scan, jth bin

R = FBLsysBfoin ) !
i PgSVZhij » Y 1+ 4Q%Z<fzj/fcz - 1)2

1

For given frequency f,,, combine all related scans with weight w,, = B
i
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Merging five consecutive bins

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

fa+5fmis+kAfbin
- [ (. 1) df
fa+5fmis+(k_1)Afbin

The average (Ek) over the ranges of f, and dfnis: 0.23, 0.33, 0.21, 0.11, 0.06.
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