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What we know already

p = 0(p>p)

Non relativistic ideal gas model:

p ~nmv?, p ~nm

vV K1

Dark matter is composed of non-relativistic particles.



Searching for dark matter

* All the evidences of dark matter are from gravitational effects.

* We want to understand its particle nature:
* Mass
* Spin
* Size

Inner structure if any

Interactions with Standard Model particles

Its self-interaction



Searching for WIMPs

Semi-conductor type
CDMS, CDEX...

Noble gas type
XENON, LUX, PANDAX ...




Theories of dark matter




Possible mass range

Fuzzy
Dark
matter

Axion,
Dark photon

MeV Scale
Thermal
Dark
matter




Stars as Laboratories for Fundamental Physics

e Sun
e closest to us

e Red Giants and horizontal branch stars
* Topre~ 10 — 100 keV

* Neutron stars
* large magnetic field

* Supernova
e T~20 — 30 MeV

* Black holes
* Superradiance




Outline

 Basic structure of the Sun
* MeV scale thermal dark matter (accelerated inside the Sun)

e Dark Photons
* Produced inside the Sun
 Converted at the Sun’s corona

* Summary




Temperature distribution inside the Sun Photosphere

Chromosphere

Photosphere
~ Twisted magnetic
B eld lines

e Particles with mass smaller than about 1 keV can
be produced inside the Sun.

DM hit by the electrons inside the Sun can be
accelerated to about 1 keV kinetic energy.

Corona
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Temperature distribution outside the Sun

Chromosphere

Photosphere
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From GeV to MeV

 What if the DM is lighter than GeV scale?
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Use electron recoil for light DM

. . XENON1T 1907.11485
* For elastic scattering

mpwvmTrT
— > Lbm
(mpwm + mr)

Erecoil ~

Use light targets
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Scatter from the
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(D): DM-electron scattering
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mp> 10 MeV
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Motivations

* How to search for DM if mp < 10 MeV?

* Lower the threshold (Using semi-conductor, superconductor, or skipper CCD
technology, nano tubes ...)

e Accelerate the DM particles (Sun, cosmic rays)



Sensel Experiment

* Skipper CCD technology
Electron recoild threshold ~ 1.2 eV

mp~ 0.5 MeV for scattering
mp~ 1.2 eV for absorption

SENSEI 2004.11378, 48 gram-days
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Solar accelerated DM particles

* The Sun can help us.

Drift time
indicates depth
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— ionization electrons
VN UV scintillation photons (~175 nm)

Dark Matter
(mass ~ GeV - TeV)

recoil energy
(tens of keV)

phonons

e Particles with mass smaller than about 1
keV can be produced inside the Sun.
- * DM hit by the electrons inside the Sun

can be accelerated to about 1 keV kinetic
energy.
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Solar accelerated DM particles

* The Sun can help us.

Toyun ~ 1 keV

well above the
thresholds of most
experiments!

(I)Earth — (I)Sun X

dm dS un—Earth
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Solar accelerated DM particles

e Gravitational focusing effect
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Solar accelerated DM particles

HA, M. Pospelov, J. Pradler, A. Ritz, PRL 120 (2018) 141801

\\» From DM halo mp = 3 MeV
| S-wave scattering

M. Solar accelerated
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reflected

Solar accelerated DM particles

HA, M. Pospelov, J. Pradler, A. Ritz, PRL 120 (2018) 141801
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Solar accelerated DM particles

SENSEI 2004.11378, 48 gram-days
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Beyond contact interaction (work in progress)

* Very light mediator case
* Freeze-in scenario (no N,¢r constraint)
» Kinetic mixing model (no constraint if the dark photon is very light)

DM DM




Beyond contact interaction (work in progress)

* Inelastic dark matter excited inside the Sun
AmD ~ 1 keV < mp
Baryakhar, Berlin, Liu, Weiner,

2006.13918 in light of XENON1T
excess.




Outline

* MeV scale dark matter (accelerated inside the Sun)

e Dark Photons
* Produced inside the Sun
* Convert at the Sun’s corona

* Summary




What is dark photon?

* It is a vector field coupled to SM particles only through kinetic mixing
with the EM field.

* [t is massive.

r_, _, 1 €
= % T2 A VR nl/ U
E— 4F/M/F —+ QmA/A’uA 2F"’L“/FW
Stueckelberg Higgsed
1 1 1
im’jA;A’“ §m’jA;A'“ +epmiyhpA, A" + ie%h%AgA’“

Crucial for the production inside plasma



How to produce dark photon DM?

* The longitudinal mode of dark photon dark matter can be produced
du ring inflation. PW.Graham, J.Mardon, S.Rajendran, 1504.02102

* Parametric resonance production from scalar field oscillation.

R.T.Co, A.Pierce, Z.Zhang,Y.Zhao, 1810.07196

J.A.Dror, K.Harigaya, V.Narayan, 1810.07195

M.Bastero-Gil, J.Santiago, L.Ubaldi, R.Vega-Morales, 1810.07208
PAgrawal, N.Kitajima, M.Reece, T.Sekiguchi, FTakahashi, 1810.07188

* Misalignment with non-minimal coupling to gravity
G.Alonso-Alvarez, T.Hugle, J.Jaeckel, 1905.09836




Produce dark photon inside the Sun Photosphere

Chromosphere

Photosphere _

* Dark photon with m,, < 1 keV can
be produced at the core of the Sun.
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Searching for dark photon DM

* Produced inside the Sun

* |t will take more energy and accelerate
the burning of the Sun.

* It will change the temperature at the
Sun’s core and thus change the solar
neutrino flux.

* The keV scale dark photon can be
directly detected by dark matter direct
detection detectors.




Resonant production of dark photon inside
the Sun

€ /
* Dispersion relations in the vacuum - §FWF’W
* For photon: wr—k*=0
* For dark photon: w2 — k2 — mi,

* Photons cannot convert into dark photon in the vacuum.



Resonant production of dark photon inside
the Sun

€ /
* Dispersion relations in plasma — §FWF’“’
9 5 5 o Amapnymne
* For photon: w: — k= w W =
b b Me
* For dark photon: W2 — k2 = mi,

* Photons can convert into dark photon in the plasma if w, = my,



Resonant production of dark photon inside
the Sun

: : : : €, L
* Dispersion relations in plasma — §FWF“
drapyn
* For photon: w2 — k2 — wg w}% _ EMTe

Me

For dark photon: w? — k? =m?3,

Photons can convert into dark photon in the plasma if w,, = my,

This is only true for transverse photon.



Resonant production of Longitudinal dark
photon

 What is longitudinal photon in a plasma?
* It is a collective oscillation of the elections with dispersion relation:

* For longitudinal dark photon we still have

_ 2 2 2
W = Wp w” — k% =m7,

* To match the four-momentum, we have

w:wp
W > 1Mmas



Resonant production of dark photon inside
the Sun

* Inside the Sun

. leV <w, <300 eV

surface center
0.0 0.2 0.4 0.6

I'II’SUN

* ForleV < my, < 300 eV, both longitudinal and
transverse models can be resonantly produced.

* Formy, < 1 eV only longitudinal modes can be
resonantly produced.

* Formy, > 300 eV, no resonant production.

0.8

1.0



Searching for dark photon DM

SOLAR DARK PHOTONS

* Produced inside the Sun 1o-10
* Hidden Luminosity < 10% solar
luminosity (solar neutrino flux) 101

HA, M.Pospelov, J.Pradler, PLB 725 (2013) 190

* Direct detection of solar dark photon v

by XENON experiments
HA, M.Pospelov, J.Pradler, PRL 111 (2013) 041302
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HA, Pospelov, Pradler, A.Ritz, 2006.13929



Stueckelberg case vs Higgsed case

¢ /
em?,

Invacuum A = w (flEnl) e

em2,

In pl = S|t
nplasma M m?A/_HU’ EM 1) Ep

: — pov 2 uv L %
Transverse modes: Ilp = Il e = wy " = (T JgnJEM)

— Formy, < Wy, MT X emi,/wi

I'r o< e2m/y /w



Stueckelberg case vs Higgsed case

¢ /
em?,

Invacuum A = w (flEnl) e

em2,

In pl = S|t
nplasma M m?A/_HU’ EM 1) Ep

Logitudinal mode: Il = 11,7 e} mi/ I = (T JgJenm)
— fFormy, K w,, My ocemA//wp

Iy o e?m'y /w



Comparison with the direct search for halo
dark matter

SOLAR DARK PHOTONS DARK PHOTON DARK MATTER
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Stueckelberg case vs Higgsed case

: 1 1
* Higgsed case im’jALA’“ +epm/yhp A, A + §e%h%A;A’“

* It is equivalent to the case of producing light milli-charged particle
through massive photon decay. No suppression from my,.



Searching for dark photon dark matter with
thermal plasma

* Dispersion relations in plasma

_ 2 1.2 _ 2
For photon: W ke = Wy o

+ For dark photon:  w? — k% = m?%,

* Dark photons can convert into photon in the plasma if w, = my, .

* The Sun’s atmosphere is a vast source of plasma and may be
transparent.



Dark photon dark matter converted at the
Sun’s atmosphere

R T
h [km] (height above photosphere)




Dark photon dark matter converted at the
Sun’s atmosphere

* Resonant conversion

* W, =My, Al
* Inside the dark matter halo

© v,,~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
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Photon converted in

chromosphere cannot fly | , ,
out. 107 103 10*

° Com pton Scatte ri ng h [km] (height above photosphere)
* Compton scattering can shift the frequency of the converted photon.

* ate = linw + Teom



Searching for the converted photon with
radio telescopes

f = 1 GHz
10"° i
1014 =107V 7 f =10 MHz
1013 :
1012 i
104 105 | S

h [km] (height above photosphere)




Searching for the converted photon with
radio telescopes
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Radiofrequency Dark Photon DM

HA, F.P. Huang, J.Liu, W.Xue, arXiv:2010.15836
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Summary and outlook

e Dark matters exist and we are eager to search for their particle natures.

* The Sun as own star may help us to search for them if they are light.

e We still don’t fully understand the internal structure of the Sun. The magnetic
field (< 107 Gauss). If it is saturated the Sun can give a very stringent constraint
on axions (Gurarini, Carenza, Galan, Giannotti, Mirizzi, 2010.06601).

e Can we use the plasma in the earth’s ionosphere to search for dark photon?



