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Outline

* Basic dark photon models

* Searches for dark photons

* Searches for dark photon dark matter
* Production of dark photon dark matter



Notations

* A, and V,: dark photon vector field

* F,, and V,,,: dark photon field strength
* € and k: kinetic mixing

* my, and my: dark photon mass

* Wy, and f, : Plasma frequency, w, = 27f,

* ¢': dark gauge coupling



Dark photon models

* The simplest dark photon model
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* It may also couple to current in the dark sector.
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* It can also couple to the currents composed by Standard Model
fields.
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Dark photon models

* It can be dark matter. Its lifetime is easily to be longer than the age of
the universe.
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Origin of dark photon mass

* Massive U(1) theory
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Diagonalization
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Searches for dark photon (Mining in the
parameter space
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log o Kinetic mixing

Stellar constraints
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log o Kinetic mixing
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Stellar constraints

Matrix element

li>

In the Feynman gauge:
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Stellar constraints

* |Inside a thermal plasma (with NR electrons)

— For transverse modes
2
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Transverse vs Longitudinal
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Transverse vs Longitudinal (resonant
conversion)

 Matching on shell conditions

— Transverse photon Dark photon
w? — |(<:|2 = w? w? — |l€|’2 = mi
|
m3 = w2

— Longitudinal photon (plasmon)

(collective motion of electrons)
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Transverse vs Longitudinal
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Stellar constraints
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Stellar constraints

mHz Hz

* Energy loss < 50% luminosity,
* For the Sun, 2B neutrino
<10% luminosity.
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Searching for dark photon with globular
cluster stars

* Red giant branch stars (T ~ 100 keV)
* Red giant branch tips in globular clusters

mHz THz eV keV

Dolan, Hiskens, Volkas, 2306.13335
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Dark Matter Detector as Dark Photon
Helioscope

* CAST vs XENON
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Dark photon absorption 7>
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Helioscopes for ¢
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Sun, Horizontal branch starts, red giants ...

Requirement: the energy loss by emitti

ng dark

photon should be smaller than 10% of the total

normal flux.
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Search for solar dark photon flux
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Searching for dark photon with globular
cluster stars

* Red giant branch stars (T ~ 100 keV)
* Red giant branch tips in globular clusters
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Constraint from CMB distortion

Kinetic mixing
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Photon Dark Photon Oscillation in plasma
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CMB constraints from distortion

W2 = ATAEMTe * Distort the CMB black body spectrum.
p M.

¢ Jaeckel, Redondo, 0804.4157

’ When the temperature of the universe is
Resonant lower t.han 1 kelvin, the double Compton
scattering can no longer restore black

body distribution of CMB.

conversion
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CMB constraints from distortion

w? = Amapmne  Why the constraint is flat?

a)p me

Jaeckel, Redondo, 0804.4157
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CMB constraints from anisotropy
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Resonant
conversion

7

* Enhance the CMB temperature
anisotropy. Aramburo-Garcia et al, 2405.05104
Using the full power of numerical

simulation and the CMB power spectrum
1071%eV < my, < 107 eV
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CMB constraints from anisotropy

2 47TOzEMn€

“p = * Enhance the CMB temperature
0y me .
P . anisotropy.
—_—> Pirvu, Huang, Johnson, 2405.05104

Resonant After reionization, resonant conversion
conversion occurs mainly in the ionized gas that
occupies the virialized DM halos.

7

This leads to the correlation between the
induced CMB anisotropy and the large
scale structure.




Searching for dark photon dark matter

* It can be dark matter. Its lifetime is easily to be longer than the age of
the universe.
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Searching for dark photon dark matter
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Kinetic mixing
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CMB constraints on DPDM
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Searching for ultralight dark matter directly
with WIMP detectors i MW e
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Resonant conversion from DPDM to photon

* DPDM are at rest, it can only resonantly convert into a photon at rest.

* To make the conversion happen, we must create a situation such that
that photons are at rest. (the same for axion DM search)

* In resonant cavity: photons become standing waves.

* Inside plasma: photons are non-relativistic when E' ~ w,,.



Searching for high frequency axions and dark
photons with di-electric layers

* Dark photon dark matter oscillate to on-shell photons

A/Inm

A stack of dielectric layers, with (o 2000 1000 500 200 100
alternating indices of refraction, '
~—_ Solar "

provide a non-zero momentum for 1012,
the photon to propagate. :
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"B Limit from this work i

P — 90% SDE Xenon10
107"%:

0.5 1 5 10
mgaleV

LAMPOST, PRL 128 (2022) 231802
Baryakhar, Huang, Lasenby, PRD 98 (2018) 035006



Kinetic mixing
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Resonant cavities for dark photon dark matter

Frequency [GHZz]
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Photon Dark Photon Oscillation
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A’u and A, are in mass eigenstate.
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* In the vacuum, A’ cannot be D +- +- +-
converted into 4, no interaction = roe
. +- +- H- +{F
* In the plasma, (1) a mixing ., Pz
between A’ and A is generated.
, +- +- +- +- +- +-
(2) a mass for A is also
+- +- +- +- +- +-
generated. e e e
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Photon Dark Photon Oscillation

k? + w? Kw? Ar
Car v (M0 @ ) ()

FouE

* When w, = my , photon and dark photon resonantly
convert into each other.



Photon dark photon oscillation

* The transition probability

dt d° T
Py _s 4 Z/dﬂ“v—m :/ l (2m)*6*(pv — pa)=

2w (2m)32w
dlogw?|
2 _1 | V108 W
= TR My,  |—F
3 or
T=T¢
J Resonant region
Average of
polarization

If v,.=0 the DM stays at the resonance region forever.

Z\W

pol



Searching for ultralight DM with radio telescopes

* For dark photon:
w? — k? =mé§
* For photonin plasma:
2 2 _ .2
w” —k° = wp

* We need plasma.

The corona: about 1 000 000 °C

The upper Chromosphere: about 10 000 °C

er Chromosphere: about 4000 °C

The photosphere: about 6000 °C

L2 dran,
p =
f =10 MHz
10%® — , it 110°
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. 10 ; i 10
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E " F 0 i 1ot X
._(D. 1010 >~ ' -
= 9 5
10 Corona 10
108
104
107

10" “J‘1¥62 lll‘AQb3 “‘1‘%64 “I“%bs ""‘%bﬁ
h [km] (height above photosphere)



Dark photon dark matter converted at the Sun’s
atmosphere

* Resonant conversion
* wp, =My
* Inside the dark matter halo
* Vpy~1073
* The frequency of the converted

photon w = my, with the
dispersion ~107°.

* The signal is a sharp peak in the
solar spectrum



Absorption of the converted photon during propagation

* Inverse bremsstrahlung absorption

101 - B g 10°
10" wp=10"* eV : p | 110V 107 eV
1/2 13 i % 10°
8mnenna’ [ 2mme / 272 —w/T 1 5
I . ~ log _— 1—e¢ 1012 7 107
nv 3...2 2 ~ Sl i
3w ms T Wy T 10 Si 1 SIS
S 8 i e io1106 X
< 1010 H [
= !
' 10° Chrompsphere Corona 10°
Photon converted in 108 i
chromosphere cannot fly 107 OSSR L .......... ; b
e C t tteri out. 10' 162E 10° T T
ompton Scattering h [km] (height above photosphere)

Compton scattering can shift the frequency of the converted photon.

* lagtt = I‘inv T Fcom



Searching for the converted photon with
radio telescopes

* The minimal detectable flux Smin = SEFD SEFD = 222 710
Ts \/npol B obs Aesr

Name f [MHz] | Bres [kHz] |(Tuys) [K]|(Aeg) [m?] &>
SKAl-Low | (50, 350) 1 680 | 2.2 x 10° N p?
SKA1-Mid B1|(350, 1050)| 3.9 28 2.7 x 10% > K
SKA1-Mid B2|(950, 1760)| 3.9 20 3.5 x 10*
LOFAR (10, 80) 195 28,110 1,830
LOFAR (120, 240) 195 1,770 1,530 West Australia and south Africa

Europe



Searching for DPDM with radio telescopes

frequency [MHz]
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Searching for DPDM in LOFAR

* We obtain LOFAR real data f ~30 — 80 MHz in total of 51 minute observation.

f [MHz]
10-10 30 40 50 60 70 80 90100 120
. WISPDMX :
] 1' CMB Distortions
10_ E— =
12
K 1072
10713-
14' Dark E-field
1077 2 3 4 5 6
my [10_79\/]

HA, X. Chen, S. Ge, J. Liu, Y. Luo, Nature Communications 15 (2024) 1, 915



For dark photon dark matter with smaller
Mass

Layers of the Atmosphere

* Because of the ionosphere,

no terrestrial telescopes can
cover f < 10 MHz.

* Go to outer space.




Plasma in solar wind

 Free electrons between Earth and Sun

8 S ——
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e L
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For dark photon dark matter with even
smaller mass

* STEREO A/B

e Parker Solar Probe

First Perihelion
at 35.7Rg

NASA’s STEREO (with SDO) Sees the Entire Sun

2014 : ¥ 2014 .
| Sept. 2012 | 2013 /,/'/'/’l\' e Sept. 2012
P <l o

STEREO P
(Behind)
HESY" -

Launch /

Venus Flyby #1

Orbit
* directions

" First Min Perihelion
at 8.86 Rq




Using solar probes to search for DPDM

Frequency [kHZz]

102 10° 10%
10_11 ; I T T TTT T I T T T TTT T T T T T T TTT T E
10-12k
=
8- 13
S oL |
é -
© | 1
10-14 | v R=201.7 Rg
CMB/” ------- R=107.5R,
—— R=146R,
10—15 1 1 I I | 1 1 1 [ 1 1 1 .
10710 107° 1078 1077

Dark Photon Dark Matter mpy: [eV]

Frequency [kHZ]

102 10° 10*
10_11 i T T T T T TTT T T T T T TTTT T T T I T TTTT _:
Ln. 1 0—1 2 | ‘| _ .
= | o ..
(] / \.‘
IRl T
S N
"LTU’ : \ \ "-.‘,_\,,x-,‘..""‘-‘.:"
1 0—14 L | > W PSP i
- CMB.~
10—15 L | 1 I A . | | I | L | L1 111l
10710 107° 1078 10~/

Dark Photon Dark Matter ma: [eV]
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Dark photon in plasma

Plasma effect

What we really need are free electrons!



Searching for dark photon dark matter
directly with radio telescopes

e Large scale radio telescopes

g =0
E EI Indiatimes S8



Searching for dark photon dark matter
directly with radio telescopes

* The dark photon dark matter has an interaction with the electric current, kel J*
(although suppressed)




Dish antennas

* For dish antennas, the oscillation of the dark photon field induces the
oscillation of the electrons in the reflector plate, and produces EM waves,
which can be detected by the feed.

DPDM
Parabolic DPDM

Mirror

Spherical
Mirror




Dish antennas

* The size of the feed ~ A
Feed ~ A2

n, AY;

' N
’\"\/’\/’\/'\’,\'

2 A’
I7Y = Ckppm X
dish P ———  Area of the telescope



Dipole antennas

Usually £ < %

For photon, 1 = %

1

For dark photon, A, = ~ 10321

XVUp

Equivalent electric signal:

Frar = /iEg)) cos(27 ft)

eqv 2
Id?pole = Clli PDM — 0.4 GeV/cm3

Order one parameter, determined by
the detailed shape of the antenna



Antenna arrays

¢ AD NlOBA
* Ap = 4 km for f = 70 MHz
* Ap = 150m for f = 2 GHz

* Interferometry techniques can
be used.

* Correlation suppressed when the
distance of two antennas is
larger than Ap.

Spn = exp(—m%,02d?, /4)

vUmn




Limits from antenna arrays

* The signal is a pealk,

~ 1n—6
fsignal — mV/27T Afsignal ~ 10 f
* Minimum detectable spectral flux
SEFD o T
Smin = SEFD = kg sys
s \/npOIBtobs Aeff
equ

* We require g, /B > Sinin to calculate the sensitivities of the antenna arrays.



FAST data

e 1- 1.5 GHz, Band width = 7.63 kHz, data observed on Dec 14, 2020.

* The signal is constant, we remove data with large variation in time.
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FAST data

* Spectrum after data cleasing

—
|
N
w
I

— — —
e 3 =3
] "] ]
(=2] 4] kS
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<
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~J
T

spectral flux density [W/mlez]
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10729,

Before cleasing
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Constraint FAST data

1.0 11 1.2 13 1.4 15
f [GHz]



Constraint FAST data

109§

spectral flux density x 102 [W/m?/Hz]

-
N
w
N

12.30

12.28

12.26

12.24

* data points

— background fit

}

1.37976 1.37978 1.37980 1.37982
f [GHZ]

1.4

15



Constraint

109§
1 0—11 _H
1 0-13 n

10-15 -

FAST data

1.0 11 13‘

spectral flux density x 10?7 [W/m?/Hz]

* data points
— background fit
® } ®
/.
\_-—/n
1.17538 1.17540 1.17542 1.17544
f [GHZ]




Direct detection of dark photon dark matter
with radio telescopes

frequency [GHZ]
1072 107" 10° 10"

€ x (oa'pom)®?

N N - -
o o o o
L N L AN
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HALOSCOPES
107
-16 o . e ) o \
10708 1077 1078 1075 1074
my, [eV]

HA, S Ge, W-Q Guo, X Huang, Jia Liu, Z Lu, 2207.05767, PRL accepted



Our own prototype detector

* For parabolic mirror, it is better for the detector to be around 2F.

10° 2.0F
£ 1000}
(U N

(D J

2 ool 1.8F

k| 1.6F |
(O] I
(n'd I

10} 1.4F |

g 1.2F

| 1.0F |

o

1.0 1.1 1.2 1.3 14 1.5
With Jia Liu, Qiang Yuan, f[GHZ]

Quan Guo, and Xiaoxing
Yang



Searching for dark photon dark matter using
gravitational wave detectors

* Dark photon interacts with baryon
number. e'AL]g or e’AL]g_L .
Pierce, Riles, Zhao, 1801.10161 & PRL

* For LIGO:
Guo, Riles, Yang, Zhao, 1905.04316

* For LISA pathfinder

Frerick, Jaeckel, Kahlhoefer, Schmidt-Hoberg, 2310.06017

* For PTAS

PPTA Collaboration . Xiao Xue et al, 2112.07684




Production of DPDM

* It is indeed not easy. The simplest story of using misalignment
mechanism like in the case of axion dark matter does not work!

* The reason for this is that the dark photon field must pointin a
direction. Producing dark photons completely at rest would involve
breaking rotation invariance. Therefore, they cannot be fully
homogeneous and the produced dark photons must have a velocity.
Reconciling this non-zero momentum with dark matter’s non-
relativistic nature is why producing very light dark photon dark matter
is difficult.

Broadberry, Das, Hook, Tavares, 2408.03370



DPDM production

* The longitudinal mode can be Produced through quantum

fluctuations during inflation.
Graham, Mardon, Rajendran (2015)
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DPDM production via scalar oscillation

10—
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Co, Pierce, Zhang, Zhao (2018) 108%
Dror, Harigaya, Narayan (2018) 1074
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Agrawal, Kitajima, Reece, Sekiguchi, Takahashi (2018) ﬁ g‘j(fgll)?ffﬁm
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DPDM production via scalar misalignment
and primordial magnetic field

Broadway, Das, Hook, Tavares, 2408.03370 01

v S i

b

a

Inhomogeneous B-field

----- Effective mass

6+3Hp+m3p =—Ap,

Ap + HAp + m4Ap = —abo,
b(t) = B(t)/f

my, > 10713 eV




Constraints from theoretical considerations

Reece 1808.09966
* From the weak gravity conjecture.

* For spin-1 vector boson with coupling e, and Stuekelberg mass m,
local quantum field theory breaks down at energies at or below

Auy = miﬂ((mA'Mpl/ef)l/Qa ell/gMpl)
* We also expect e < e'.
* If Ayy ~ Hipp = 101 GeV, my, = 107° eV, we have € < 107%°.
* No current experiments can reach it.
* There are several ways out, requiring model building scales.
e But it does not have effect on scalar parametric resonant models.



Constraints on Higgsed DPDM

* Coherent oscillation of dark photon is not the ground state when the
amplitude is large and the dark photon is Higgsed.
1

L=—

Fy F" + (D"$)*Dyu¢ — A(|6]* —v*)°

|A"| > v

\/‘ B

* In the early universe |A’| is huge, models

with Higgs are not favored.

East and Huang, 2206.12432



Cosmic string from superradiance

Attached

Ejected

OQ

Ejected

East and Huang, 2206.12432

log[v/GeV]

-30 -25 -20 -15 -10 =5
log[gp]



Constraints on Higgsed DPDM

e ~ egp /167>




Time dependent couplings and mass

Cyncynates, Weiner, 2310.18397
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Stellar bound for Higgsed case

* Higgs-strahlung

Dark photon 14 Dominant, my < Wy,

subdominant, my ~ Wp.

Same as Stueckelbere 1>

nnn¥s B, (L), oy (T el

li>
Higgs-strahlung

Goldstone equivalence X ”
theorem "v"dxf“i,/‘-u/\



Stellar bound for Higgsed case

1074
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108

< 1010

10-12

K y 1014

10-¢ 10°% 10~2 100 102 10*
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HA, Maxim Pospelov, Josef Pradler, PRL 111 (2013) 041302, 1304.3461



Stellar bound for Higgsed case
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Summary

* A lot of searches and model buildings are going on.
* For Higgsed DPDM, it is challenging to find a production mechanism.
* For the Stuckelberg case, there are models that can produce DPDM.

* The scalar parametric resonant model does not care if the DPDM is
Higgsed or Stueckelberg.



