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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



Where do we start from?

* We know almost nothing about dark matter except for:

. Stablg Lifetime longer than the age of the Universe
Equation of state Non-relativistic particles

Cold enough Or the large scale structure will be erased.
Total energy density

* 23% of the total energy density

* About five times of the energy density of baryons
Its velocity around the earth

e About 200 km/sec
Energy density around the earth

* 0.4 GeV/cm3

22.4 mol/L~ 1Pa



Theories of Dark Matter

* It is very easy to build e
a dark matter model!

* People have already

written down
hundreds of DM
models!

e We need to find a
strategy!




Classification according to Production
Mechanisms

* Freeze-out
 WIMP, SuperWIMP, Coannihilation, Dark Sector

* Freeze-in
UV freeze-in, IR freeze-in

 SIMP

e 352,42
 Asymmetric DM (DM produced like baryons)
* Ultralight Bosonic DM

* Particle production during the expansion of the Universe



Classification according to DM Mass Range

QCD axion WDM limit unitarity limit
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Outline

* Dark matter production mechanisms
* Freeze-out, Freeze-in, Asymmetric, SIMP, misalignment ...

* Dark matter detetion
* Searching for light DM
e Searching for ultralight DM
* Collider search for DM
* Indirect search for DM
* Searching for DM self interaction



Freeze-out

* The DM particles are in thermal DM SM

equilibrium with SM particles in the
early Universe.

* |Interaction.
* The rates are important.

* The Hubble expansion rate:
SrGp\ 2 T2 DM

H — ~N —

3 M

e The annihilation rate:

SM

I = nx<0'2]> The rate for one DM particle to be converted into SM particle.



Freeze-out

* The annihilation stops when the DM
particles cannot find an anti-particle to
annihilate.

I'< H

* H is a small parameter

1/2

8mGp T?

H =
3 M,

* [' has to be suppressed for the
condition to be satisfied.

I' =n, (ov)
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The annihilation rate

* (ov) ~ aP/T? or ap/m)z( , & is some coupling constant, it usually does not
suppressed.

d>p
(2m)°

o~ E/T (mXT)3/26—mX/T

|

Suppressed exponentially
* For s-wave annihilation (gv) ~ a*/m% independent of T. whenm, > T

* The number density n, = /



The condition for freeze-out

* The condition for freeze-out is @T, the annihilation stops

T2

o\ /2
_— (<0fU>Mp1mX)(TX> e~ /Ts — 1

(ov) ~ a®/m;

(042Mp1) (mx)1/2 —my /T
— e X ~ 1
My T




The condition for freeze-out

1/2
()42Mp1 mX / e_mX/TS ~ 1
My T

|

J Must be very small

Usually very large

e |tis consistent to assume DM to be non-relativistic.
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Today’s energy density of DM
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Freeze-out

* Two equations
* From the freeze-out condition




Freeze-out

* We look for the largest and smallest numbers.

X X 32 /T 9
— TMx/ s 0 107
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* Assuming m,, is not significantly larger or smaller than m,.

"X A~ n10° ~ 20
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The WIMP miracle
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From WIMP to dark sector

e What is dark sector?

________ — — — — Dark sector
Dark portal




Dark Sector

* Vector dark portal
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Dark Sector

4
g
OannU ~~ A DSZ
To get the observed DM relic density Yy

Almost independent of m,,

(ov) ~107°% GeV ~ 107%° cm? /sec

In most models, gpg is free parameter, so m, has a large range of allowed
parameter region.

Why we need gg;,? The mediator should not be stable, or it will become DM. We
need g, such that V can decay into SM particles.

It is better for the decay to happen before the age of the universe is 1 sec, or the
BBN will be ruined.



From WIMP to dark sector

 What are the popular portals?

* We look for operators with
lowest dimensions.

* It will be easy for the operators
to survive in low energy theories
if the interaction is marginal.

\oo
)} Jea[onu yeam

FERMIONS

* SM singlets with dimension < 3:



The Standard Model of Particle Physics
S e sy
QL 2 -1/6

3
Up 3 1 2/3
d 3 1 -1/3
L 1 2 1/2
er 1 1 -1
H 1 2 1/2



The Standard Model of Particle Physics
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Relevant SM neutral Operators

* Special operators:

|]—]|2 Dimension = 2, conserves all guantum numbers

LH Dimension = 5/2, violates lepton number

ij Dimension = 2, Lorentz tensor



Connect to a new sector

H| - |H|*|Hpl*

LH . LHNp

B > B, VI



Dark Portals

Standard Model Dark Sector




Kinetic mixing dark photon as the dark portal

P
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Tiny kinetic mixing
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Kinetic mixing dark photon as the dark portal

* How to diagonalize?

1 1 K 1
L=—ZFu " = 2V, VI = SF, VY + §m%/VHV“
* Redefine the photon field 4, A, — A, — KV,

* After diagonalization, the dark photon couples to the EM current.
eA,J" — eA,J" — keV,J"

GDVMJg — GDVMJg

The dark current, composed by DM

gsMm = K€ gdps — €p



Ny portal

Pospelov, Ritz, Voloshin, PLB 662:53-61, 2008

1 2 _ , _
LWIMP—I—mediator — _(a,us)z — %Sz + N,Z@N, — mTNN/TN, -+ NRZ@NR — T NgNR

2
)\
- —S2HTH [Y,LHNp — Yn:SNEN' + (19)
Right handed neutrino Dark matter
N \/ Nr mediator
S Np = SM particles

e The motivation to consider such models is to avoid direct detection constraints.



H IggS pO rta ‘ Burgess and Pospelov, Nucl.Phys.B 619 (2001) 709
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Outline

* Dark matter production mechanisms
* Freeze-out, Freeze-in, Asymmetric, SIMP, misalignment ...

* Dark matter detetion
* Searching for light DM
e Searching for ultralight DM
* Collider search for DM
* Indirect search for DM
* Searching for DM self interaction



Freeze-1n

e [': the rate for a SM particle to be converted to DM particle.
* The Boltzmann equation of n,:
T3
dn.,, nsMm ~

W —|— 3an — FnSM

['is a funtion of T.

* Temperature redshifts with the expansion of the universe.

dr
Tdt
d "x 0
, X\ _ nsMm , = N/ ['(t)dt
dt (T3> =1 T3 g T4 It tRH

DM number density per entropy.



Freeze-1n

ar _
'n/X Tdt

T3

* During radiation domination: H ~ Tz/Mpl

Tru
~ M, I(T)
To TO

oY%

T3

to
~ / ['(t)dt —
to trRH

drl

T3




IR freeze-in vs UV freeze-in

* If the interaction is renormalizable, and dimensionless, I' ~ a™T, by dimensional
analysis.

Divergence at T = 0, IR dominant

* The low energy theory matters, not sensitive to high energy theory.



IR freeze-in vs UV freeze-in

* |f the interaction is mediated by higher dimension operators,

T5
m—) x ~ /TRH %TQdT N MplTP%H

* Very sensitive to the reheating temperature.

Osm

FO
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A realistic model

o
Al "
* The dark photon model g e >/\/V\4(L\,LC/ X
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A realistic model

o
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Freeze-in via Np

DM
. = 1 _
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Sterile neutrino production

* Producing sterile neutrinos from a thermal bath

Vo) = cos@|v1) + sin |vs), Doldelson and Widrow PRL 72 (1994), 17-20

S ) = —sinfl) +cosBlu),

N . 9

LI sin“ (26

Ve X Ve FVS ~ 4( )F,/a No media effect

* The active neutrinos keep scattering with the particles in the thermal
bath.



Sterile neutrino production

* Media effect is important when the net interaction with Z boson is
nonzero.

Va Va

A?(p) sin®(26
| 7 Sin2(29) — sin2(29m) — (p) sin”(26)

| A2(p) sin®(26) + [A(p) cos(20) — Vp — V|2

/\ Am2

Evérything in the thermal bath A(]?) — 2

Finite density effect

 Resonant production when A(p) = Vp + V7.

Mikheev, Smirnov, Sov. J. Nucl. Phys. 42 (1985) 913-917
Wolfenstein, Phys. Rev. D17 (1978) 2369-2374.
Shi and Fuller, PRL 82:2832-2835, 1999

v

Finite temperature effect



Outline

* Dark matter production mechanisms
* Freeze-out, Freeze-in, Asymmetric, SIMP, misalignment ...

* Dark matter detetion
* Searching for light DM
e Searching for ultralight DM
* Collider search for DM
* Indirect search for DM
* Searching for DM self interaction



The SIMP model

If H < T3.,,n,/T? decreases. If H > I'3_,;, n,/T? is conserved.

* ['3_,, can be seen as the disappearing rate of y. ~——
2 .3
ns o
2 fF
My
\

Assuming there is an interaction keeps the temperatures of the dark sector to be
equal to the SM sector.

ny ~ (myT)3/2e mx/T H ~ T? /M,

2
Ir\" 3 _—omgr _ 1F
Feff© M
mX pl

Require atsome Tg, [3,, = H., == (



The SIMP model

2
L% My

* The largest and smallest numbers dictate
* The condition from the observation:

Ty Ty 5
T3 my, m—

Ny ~ (mXT)S/Qe—mX/T

—_—NY —

T 2

Ty 1 In Mp1
Tr

m, ~ 40 MeV X aeg

) ~20
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A realistic model (The dark Wess-Zumino-
Witten model)

* In the dark sector, An SO(6) global symmetry is spontaneously broken into SO(5)
symmetry. Five goldstone particles are generated.

1
L= 5 0" — 4pt interactions — 6pt interactions — - - -

* For some topological reason (5(50(6)/S0(5))=Z ), there can be an additional
term:

2N, oo
Lwzw = 502 f5 e"PTr (0, w0, O, O]
I , NZ2m?2 _
32 ~ Ny —270 It will work, whenm ~ f, ~ 100 MeV.



Symmetric vs Asymmetric

* Symmetric DM
* Nnpy = Npps (freeze out, freeze in, SIMP ...)

* Consider people living in the dark universe. What are their dark
matters?
* Most of the DM are in the form of proton.
* Asizable portion in the form of dark atoms and dark molecules.
* Awarm DM in the form of dark electrons.
* A small part of hot DM (SM neutrinos)
* Dark Radiation (the CMB)




Symmetric vs Asymmetric

* Baryon-anti-baryon asymmetry

e Can it be from initial condition?
* No, since anything before inflation are diluted.

e Can it be from random fluctuation?

* No, since it is much larger than the random fluctuation ~ 10~4°
* What we need is about 1071Y.

* There must be a mechanism to generate today’s baryon-anti-baryon
asymmetry



Symmetric vs Asymmetric

e Sakharov conditions for baryogenesis (JETP Lett. 5 (1967) 24)
* Baryon number is not conserved.
* Charge conjugation symmetry is not exact.
e CPis not an exact symmetry.

* Baryogenesis could have occurred during a period when the universe was not
in thermal equilibrium.



Symmetric vs Asymmetric

* EW baryogensis
e Baryon number is not conserved o)
* Charge conjugation symmetry iS
not exact.
* CP is not an exact symmetry. E—

* Baryogenesis could have occurred
during a period when the universe =)
was not in thermal equilibrium.

EW instanton breaks baryon number

Weak interaction breaks C

Weak interaction breaks CP

The universe is no tin theramal
equilibrium during First order phase
transition



Symmetric vs Asymmetric

* Leptogenesis

Lepton number is not conserved =)

Charge conjugation symmetry iS
not exact.

CP is not an exact symmetry. E—

Baryogenesis could have occurred
during a period when the universe =)
was not in thermal equilibrium.

Convert lepton number to baryon
number

Righthanded neutrino is Majorana

Yukawa interaction violates C

Yukawa interaction violates CP

The decay of righthanded neutrtino is no
in thermal equilibrium



Darkogenesis (Dark baryogenesis)

* Leptogensis model

* Generate lepton number first.
* I = B through weak sphaleron effect force L — B = 0.

- H

m //// H
| . Out of equilibrium of N3




Darkogenesis (Dark baryogenesis)

* Leptogensis model

* Generate lepton number first.
* I = B through weak sphaleron effect force L + B = 0.

- H

~" CP violating vertices
Ng

Generate a hard phase

Out of equilibrium of N3




Darkogenesis (Dark baryogenesis)

The simplest darkogenesis model, leptogenesis in the dark sector.




Where do we start from?

* We know almost nothing about dark matter except for:
* Equation of state
* Total energy density
* 23% of the total energy density
e About five times of the energy density of baryons
* |ts velocity around the earth
e About 200 km/sec
* Energy density around the earth
* 0.4 GeV/cm3



Darkogenesis (Dark baryogenesis)

* Qpu = 5Qp
* Why they are so close to each other?
* Is there a reason similar to the WIMP miracle?

* In quantum theory, when something is close to each other, there is
usually a approximate symmetry.

*m, =m, — Iisospinsymmetry, slightly broken by QED and quark mass.



Mirror DM model

 We assume there is a mirror sector almost identical to the standard
model. All the couplings are equal to

1st
/f

( 23m )
BT
12

. A

( 4.8 MN

=13
12

\down) s ©

(O‘SIIM\
c =
\

(<, <22 )

Ve
\ - m)

\9310} IBO[ONU Yedam

FERMIONS

GAUGE BOSONS

Ny portal

EHNR—I—EDHDNR

21dVI IV

SNU1ld3d |

St 2nd 3rd .
\
(( ass: eV 126 G
e 0
pin § H 0
Name ,,’3 higgs
"" o
g
:
o
=5
° H
/¢
s
@
g
=4

FERMIONS

GAUGE BOSONS




Mirror DM model

y(EHNR + EDHDNR)

l

Mirror symmetry =ss) Same Yukawa in both sectors ===)




Mirror DM model

*Np = Ng
* We need mp = 5mg = 5 GeV.
* We can introduce a spontaneous breaking of the mirror symmetry,

U]?W ~ 103 TeV, such that baryon mass in the mirror sector is about 5
GeV.

HA, S.-L. Chen, R. N. Mohapatra, Y. Zhang, JHEP 03 (2010) 124



Symmetric vs Asymmetric

* Baryogenesis === darkogenesis

* Qpu = 5Qp

* Why they are so close to each other?

* Is there a reason similar to the WIMP miracle?

* In quantum theory, when something is close to each other, there is
usually a approximate symmetry.

*m, =m, — Iisospinsymmetry, slightly broken by QED and quark mass.



Ultralight bosonic DM

* Fermionic DM cannot be ultralight because of the Pauli exclusion principle.

* Fermionic DM with mass smaller than 2 keV is excluded by the Lyman-«
constraint.

* Two candidates
e Axion and axion like particles (Pseudo scalar)
e Dark photons (vector)

« Mass range (>107%1 eV, or the de Broglie wave length larger than the size of the
dwarf galaxies.)



Introduction to Strong CP problem and QCD
axion



Why they can be DM candidate?

* Uniformly distributed pseudo-scalar in expanding universe a(t,x) = ag cosmgt

« RW metric:  ds® = dt* — R*(t)dx”

1
* The energy density P = 5"713@(2)
15
* The pressure P = 5Mg0 cos(2myt)

ep=0forT > 2m/m,.



Production of ultralight DM

* If the ultralight DMs are in thermal equilibrium with SM, they will become hot
DM and be excluded by Lyman-a observations.

* They must be produced cold.

* The equation of motion of the zero mode (homogeneous part)
i+ 3Ha+mza =0

In the early universe, H > m_, the oscillation is over damped.
a/a~mi/H < m, < H

a can be seen as a constant field a,.

When H < m,, a starts to oscillate with the amplitude a,.

The momentum will be redshifed away just like particles.



The misalignment

* Why is there a nonzero ag?
* In the early universe, when m, can be neglected, a enjoys a shift symmtry
a— a -+ b()

* The position of a in the field space is not necessary to be the minimum of the
potential.



For dark photon dark matter

1 1 K 1
o L = _Z /L,/F'uy — ZV/LI/VMV — §FMVV'MV + §m%/VMV”

* |t may decay into neutrinos and three photons.

4
* The neutrino channel is suppressed by x? (%) :
Z

* The three photon channel is suppressed by k?a*m$ /m8

* |t is easy for the dark photon lifetime to be longer than the age of Universe.



Ultralight dark photon DM

From quantum fluctuation during inflation

Graham, Mardon, Majendra (2015)

From parametric resonant production

Co, Pierce, Zhang, Zhao (2018)

Dror, Harigaya, Narayan (2018)

Bastero-Gil, Santiago, Ubaldi, Vega-Morales (2018)
Agrawal, Kitajima, Reece, Sekiguchi, Takahashi (2018)

From decay of cosmic string
Long, Wang (2019)
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Theories of Dark Matter

Freeze-out

 WIMP, SuperWIMP, Coannihilation,
Dark Sector

Freeze-in
* UV freeze-in, IR freeze-in

SIMP
© 352,42

Asymmetric DM Sterile Neutrinos
Ultralight Bosonic DM

MSSM R-parity

vvvvvvvvv

Theories of
Dark Matter



Searching for Dark Matter



Concordant universe
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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



Where we start?

* We know almost nothing about dark matter except for:
e Equation of state
Non-relativistic particles

* Total energy density

* 23% of the total energy density

* About five times of the energy density of baryons
* |ts velocity around the earth

e About 200 km/sec
* Energy density around the earth

* 0.4 GeV/em? 22.4 mol/L~ 1Pa



The WIMP miracle

DM SM
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Searching for WIMPs

Mmpmmr

Erocoil ~ E
recoil (mDM+mT)2 k

3

WIMPs and Neutrons
scatter from the

Proton mass ~ 1 GeV 52 e
Nucleus with N nucleons N GeV

o / Photons and Electrons

e scatter from the
p Atomic Electrons

Use heavy nuclei as target




Underground labs
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Noble gas (‘Vf 1+ A 4K) detector

* Target: xenon nucleus

* Use S1 and S2 signals to
distinguish signal from

background |
Drift time
indicates depth
* High threshold hold for S1 signal \
« XENON, LUX, PandaX (SJTU) L S1

— ionization electrons
N UV scintillation photons (~175 nm)



Noble gas detector

WIMP-nucleon cross-section o5![cm?]
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Semi-conductor detector

* Target: nucleus of semi-

CondUCtorS (e_g. Ge) g Conduction Band

o

TBand Gap

o © © o o o

* Use electron signal and phonon S _© Valence Band

signal (low temperature) 10 Darkater

(mass ~ GeV - TeV)

* Low threshold hold for S1 signal
« CDMS, CDEX (Tsinghua) £~




Semi-conduction detector

CDEX collaboration, PRL 120 (2018) 241301
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Searching for WIMPs

Semi-conductor type
CDMS, CDEX...

Noble gas type
XENON, LUX, PANDAX ...

. p e GeV
1 10 [ (W) LOCH)



Theories of dark matter with huge mass range

IQQD ajxi((;n WDM limit unitarity limit
1022V wins keV GeV 100wv My 10 M
| |
' | . 'I' I I I >
“Ultralight” DM ““Light” DM
non-thermal dark sectors
bosonic fields sterile v

can be thermal




Theories of dark matter

Fuzzy
Dark Dark
matter nugget
Axion Black
Dark photon hole
MeV Scale
Thermal
Dark
matter
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From GeV to MeV

 What if the DM is lighter than GeV scale?

===
) I
I [ ]
) I
l Hidden |
| sector .
i models '
) I
I [ ]
) I
I [ ]
------- - |
103 0.001 0.100 10 1000

GeV



Use electron recoil for light DM

* For elastic scattering

—

<
w
B

mpmMmmr
(mpwm + mr

Erecoil ™~ 2 Epm

—

<
w
»

Use light targets

10738} (0w )

M- Electron Cross Section [cm?]

=S 10—40 !

5 10 50 100
DM Mass [MeV/c?]




Use electron recoil for light DM

A ava

* For elastic scattering

=== This work (constant-W) _
= This work (P4-NEST)

Sensitivity (+10)
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<
W
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Use light targets
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DM-electron cross section [cm?]
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PandaX-4T, PRL 130 (2023) 261001




Motivations

e How to search for DM if mD < 10 MeV?

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

» Accelerate the DM particles (Sun, cosmic rays)



With skipper-CCD detector

o, [em?]

10727
10-28

DM-e scattering
Fpm=1

10-28,
1029, |
10730

10731

)

o, [cm?

10—34

10—35

10—36

10—37 ;

10732

10733

DM-—e scattering
3 Fpym=(am,/q)*

SENSEI, PRL 125 (2020) 171802



DM accelerated inside the Sun

HA, Maxim Pospelov, Josef Pradler, Phys.Rev.Lett. 120 (2018) 141801
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Solar accelerated DM particles

* The Sun can help us.

--------- Toyn ~ 1 keV
well above the thresholds of
- O most experiments!
Earth

* We pay the price that the flux at the earth surface is suppressed.

R

‘Sun
2
47TdSun—Earth

\ )
|

1072




Solar accelerated DM particles

e Gravitational focusing effect
1, GnMs 1 ,

5 VDM = R T 5UDM

/
vpmBRo = vpy Ro

_ RE_ | 20NMo
R2® Rovpy
2G' N M
N0 — 2~ (620 km/sec)?
R
vpm = 220 km/sec
R2
— Y ~ 10

RS,



Solar Reflected DM

0.100 m, = 0.5 MeV

0.001

107°

Normalized distribution per eV

107 .
10 50 100 500 1000
Ex (eV)

10734 ¢

10-%5 |

10—36 -
Qs L
S10 |
1 -
1038 | solar reflected DM
1073 |
- RG SN1987a
ap = 0.5
my = SmDM FDM = 1
10—40 Lol Lol Lol Lol Lo
0.1 1 10 100 1000

mpwm (MeV)

HA, Pospelov, Pradler, Ritz, PRL 120 (2018) 141801
HA, Nie, Pospelov, Pradler, Ritz, 2108.10332



Cosmic ray accelerated

L. Q
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Energies and rates of the cosmic-ray particles
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g [em?]

Cosmic ray accelerated DM

Bringman and Pospelov, PRL 122 (2019) 171801 C. Xia, Y-H Xu, Y-F Zhou, JCAP 02 (2022) 028
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Theories of dark matter

Fuzzy
Dark Dark
matter nugget
Axion Black
Dark photon hole
MeV Scale
Thermal
Dark
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Axion and dark photon DM

e Dark matter with mass smaller than about 200 eV must not be
fermions.

* Axion, a pseudo-scalar particle
* Dark photon, a vector particle mixing with photon
* Produced in the early universe (e.g. misalignment)

® o
field \/




Axion interaction with SM particles

* It is a pseudo-scalar field.
* |t can interact with all the fields in the standard model.

gaE-B gE-d, g 0,a éytyse g 0,a Ny*ysN
\ J \ ) \ J | J
| | | |
* Primakov effect Oscille?ting * Compton scattering Axion bremstrahlung
«  Axion mixing with electric e Axion-electron effect
photon dipole
* Birefringence moment

d. ~ a X spin



Photon Dark Photon Oscillation

* After diagonalization:

1 1 1

—~F F" — ~V VI — —m3V,VF +eA,J" — keV,J"
4 4 2
* In the vacuum, V cannot

_ tmnt- +- +- +- +- +- +-
be converted into 4, no LEN oo v o ol 4l 4o

interaction L o M B +-

.. +- +- H- +LFF +

* In the plasma, (1) a Mixing b v RSP
between IV and A4 is P A
generated. (2) a mass for A T L IE T IE U
+- +- +- +- +- +- +- +-

is also generated.



Photon Dark Photon Oscillation

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




Searching for axions and dark photon with
WIMP detectors

* If mass smaller than 1 keV, axions and dark photons can be produced
inside the Sun, and with keV scale energy can be detected by WIMP
detectors.

* If axions or dark photons are dark matter with mass larger than the
thresholds, they can be absorbed by the detector and produce
electron recoils.



Searching for axions and dark photon with
WIMP detectors

v e, B e Z
* Solar axion i ié_ T — z[
=

oooooo e —I bremsstrahlung
s Qa

2

’
e e = (], (2
Tim r e  EIIT

A 1 I /A €

ax axio e — e bremsstrahlung

T

- ST | FSisine i & | _

i y . Inaicates aep 20k — B .
Particle y ”””’m,l"lI||l||||““\\\\“ 4‘ o s%u data
e s i S e————

—> ionization elect .
NS UV scintlalion phoons (-1751m) veraraciems arXiv:2006.09721, XENON1T



Searching for axions and dark photon with
WIMP detectors

* Take dark photon as an example

li> SNO experiment
XENON experiment



Searching for axions and dark photon with
WIMP detectors

kinetic mixing &

HA, Pospelov, Pradler, PLB 725 (2013) 190,
& PRL 111 (2013) 041302

10~
il Coulomb ALPS-I
10~
1077
10~8
1079
10~ 10
10— 11

e Constraint from
107F XENONI10 S2 only

10~ 3¢ analysis

15 14

10_15 R IR TTT EERTTT BRI BRI MRt ETTTT EEWETTT MW
1010510410310210! 1 10! 102 10°
my (eV)

HA, Pospelov, Pradler, Ritz, PLB 747 (2015) 331

kinetic mixing k¥

10~ 12¢
10~ 13¢
10~ 14¢

10~ 15¢

107'°F XENONIT(proj.) ==
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- XMASS == 5
10—17 1 11 ||Il|| 1 1 IIIIIII 1 L1l IIII 1 IIIIIII 1 1 |||IIII 1 L IIIIle
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my (eV)



Searching for axions and dark photons with
their wave-nature

» Axion coupled to electromagnetic waves reampliher ||>
gaE-B VA ity
Weakness: we don’t
know the mass of a i
axion ... v*

~_

ADMX experiment



Searching for axions and dark photons with
their wave-nature

 AXion induced alternative current

gaE-B — Jetst = ga B

ABRACADABRA




Searching for axions and dark photons with
their wave-nature

 Axion induced alternative current

\_/‘
gaE-B e  J.o=gaB

ABRACADABRA
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How to solve the strong CP problem?

* The instanton effect in QCD gives 0 a potential, up to leading order:
0g?

1 % — - - VT
L= —ZFW F,, + Z%Z Dq; — m;q;q; + 29 S F N F,
7; T
02 .y g2 g2
~ — 1 1q-x apuv ,ha auv a
Vi 5 (}1_1)1(1) d*xe <T327T2F F () 32772F FW(())>
\ J
|
Nonzero due to QCD instanton effect
6)2

e 0 is an angle, so the potential is periodic. 5 — 1 —cos@



Peccel-Quinn SSB

* Consider a new theory with a new quark, whose mass is from Higgs
mechanism. The Yukawa interaction

,CY — yQ(I)Q —> Anew quark

Complex scalar

® — fexplia/f]
— V) >V <9+ %)

= mq = yfexplia/f] f
aa ala)
) ) 0+ 7 m—) =0+ — 0

f



Searching for axions and dark photons with
their wave-nature

e Axion induced nuclear electric dipole moment

)

c
SQUID Téext J
plckup TM ol e Y
Oscillating electric dipole moment

loop
7 d. ~ a X spin

* The induced magnetic moment is resonantly enhanced if the Larmor
procession of the magnetic moment and the oscillating EDM has the
same frequency.



Searching for axions and dark photons with
their wave-nature

* Dark photon dark matter oscillate to on-shell photons

——, ,—— photodetector

A stack of dielectric layers,
with alternating indices of
refraction provide a non-zero
momentum for the photon to
propagate.

dielectric
layers

mirror

Baryakhar, Huang, Lasenby, PRD 98 (2018) 035006



Light shining through the wall

¢ ¢
’7~MN§ > > gw’y
B B

i 5 il




Microwave through the wall

\ emitter
\ cavity

longitudinal

hidden—photon
wave

receiver
cavity



Helioscope

Shielding

v
Vacuum chamber

X-ray Detector



Searching for ultralight dark matter with radio
telescopes



Photon Dark Photon Oscillation

1 1 1
— P P = 2V VI = im%/VMV“ +eA,J" — keV, JH

V, and A, are in mass eigenstate.

* In the vacuum, VV cannot be SR oottt v
: : : +- = +- +- +- +- +- +-
converted into 4, no interaction e\ i
* In the plasma, (1) a mixing - - R 2
. - - P A T T J
between VV and A4 is generated. T TN
i +- +- - - - - e S
(2) @ mass for 4 is also generated. b e e e e
+- +- +- +- +- +- +- +-



Photon Dark Photon Oscillation

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




Searching for ultralight DM with radio telescopes

For axion or dark photon:

w2 — k2 = m?2

For photon in plasma:

2 1,2 _ .2
w k—a)p

For dark photon: plasma

For axions: plasma + magnetic field

The corona: about 1 000 000 °C

The upper Chromosphere: about 10 000 °C

The lower Chromosphere: about 4000 °C

The photosphere: about 6000 °C

oE - B

w,=107* eV :
Nej

___________________

. e

-
-
-

-
——
-
-
pp——
-

T
h [km] (height above photosphere)

Ll I ML

T[K]



Dark photon dark matter converted at the
Sun’s atmosphere

* Resonant conversion
* Wy = My,

* 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




Calculation of the conversion rate

* 1 - 1 transition r2 »
Ssig — ﬁPA’—)’prMU(TC)B
10" —r | T ,,;,“,,1:109 2 —1
1014 wp=10-4ev 1 - ' 107% eV 1077 eV ' 2 2 _1 a ln UJp (T)
i g ol | e Pary = 5 X memarv, .
102 2 E E 107 wp (T)=m 47
i S |l i T i
L | e =46 & l
A 1010 g ‘»I _____ ' 10 : .
P - | Size of the
10" D | Corona j;‘IO5 ] NrC
108 i | | resonant region
1o7 I . 4 10*
0 102 10° 10 105 108

h [km] (height above photosphere)



Absorption of the converted photon during

* Inverse bremsstrahlung absorption I

1013 e gl 10°

8rnenya® [ 2mme\ > 277 s 0 : 107
S () P (0 g N
3w>m; T wy S o1 _ R i 0 =

/C-Gﬂ' Chrom:psphere Corona 107

Photon converted i, { i 1ot

chromosphere T T T

« Compton scattering cannot fly out.

h [km] (height above photosphere)

* Compton scattering can shift the frequency of the converted photon.

* Latr = linw + Teom



Searching for the converted photon with
radio telescopes

Ne [cm™]

Corona

0t 108 108
h [km] (height above photosphere)




Searching for the converted photon with
radio telescopes

* The minimal detectable flux: S, = SEFD SEFD = 2kp Lsys + 10
s \/npolBtobs Aeff

Name f [MHz] |Bies [kHz]|(Tsys) [K]|{Aeg) [m?]

SKAl-Low [(50, 350) 1 680 | 2.2 x 10° West Australia
SKA1-Mid B1|(350, 1050)| 3.9 28 2.7 x 10*

SKA1-Mid B2|(950, 1760)| 3.9 20 3.5 x 10*

LOFAR (10, 80) 195 28,110 1,830 N

LOFAR (120, 240) 195 1,770 1,530




Radiofrequency Dark Photon DM

frequency [MHz]

10° 10" 102 10° 10*

107°
10}
100,
107"
10—125_
10-132-
10-14é—
10-152—

10-16;

WISPDMX

LOFAR (1 hr)
LOFAR (100 hr)

rl"

|

- g
~It‘*r/wHaloscopes

SKA1 (1hr) L, .7
SKA1 (100 hr) =~~~

10—17:

107°

1078 1077 1076

1075

dark photon dark matter mp: [eV]

HA, F.P. Huang, J.Liu, W.Xue, Phys.Rev.Lett. 126 (2021) 181102



Radiofrequency Dark Photon DM

* Searching for DPDM in LOFAR data

f [MHz]
10-10 39 49 59 69 70 80 QO 1(?0 120
: WISPLZ)MX ]
10~1 \ CMB Distortions |
s, WS -
= _
< 1072
g
X
W
10-13
LOFAR
i Dark E-field
14 , , , , |
10 1 2 3 4 5 6
mu [1077eV]

HA, X. Chen, S. Ge, J. Liu, Y. Luo, 2301.03622



For dark photon dark matter with even
smaller mass

* No terrestrial telescopes can cover f < 10 MHz.
* Go to outer space.

* Free electrons between Earth and Sun
108 o T

1000

-
o
(=]
T

w
—L2 — 1 MHz

. -

(kms™)
N
S

Velocity

—L\—ol
N
=

w
—2 — 20 kHz

Electron density (cm®)
>

al

1 10 100
Heliocentric distance r in units of Ro




For dark photon dark matter with even
smaller mass

 STEREO A/B

e Parker Solar Probe " ~ at3sTR

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

.-2015
2014 2014 .

\ 254 Sept. 2012

STEREO . \
(Behind) o 2012

B

Venus Flyby #1

" First Min Perihelion
at 8.86 R

V4

/ 2010
O Orbit // 2009
. rbil
ﬁ’“ - directions :. s
T

A 2008

2007



Using solar probes to search for DPDM

107°
10710}
10-11

K 10—12 L

10-"

parker go\af probe

1 L " ‘.‘l‘ib " 1 ....:!.60 M " ....1..1 " " ......14 M " .....1.05
f [kHz]

HA, Shuailiang Ge, Jia Liu and Zheming Liu, work in progress



Ultralight axions dark matter

* We consider their conversion into photons

Jayyali - B

* In a constant magnetic field B = B,

1 1
L = 55)#@8“@ — §m3a2 + gayyBoaE



Comparison with dark photon

* Dark photon

L= %E’ E — %B’ B’ — %mi/ (A"~ A" — A0 A")

. +e(E'-E—-B'-B)
* AXiOon

1 1
L = 58Ma8”a — §m3a2 + gayyBoaE

° gCWVBO/ma €



Ultralight axions dark matter

e Strong magnetic field to make the mixing larger.
* Plasma frequency equal to the axion mass.

1019~101* Gauss

Beam of
radiation

_~ Rotation
axis

"Hot
spots”

“Magnetic Pshirkov, Popov, 0711.1264

field

?&i‘::;g{fw lines FPHuang et al. PRD 97 (2018) 123001
Hook, Kahn, Safdi, Sun, PRL 121 (2018) 241102




Result from Green Bank Telescope

100 meter diameter Frequency [GHz]
1.2 14 1.6 24 2.5 2.6 9.0

TP T T

i “’L M
il -
d L‘l |~"/w./ "(,/‘VM-‘\-,&—M/\“W»! ‘ ‘PJ Lr"
UF & RBF
— EffGC QCD Axion
| — GBT RX-J0806
— GBT RX-J0720
5 6 7 10.0 10.5 11.0

Ma [peV]

Foster et al., Phys.Rev.Lett. 125 (2020) 171301



What about using white dwarves?

* Magnetic field is much smaller.
« BY°~1010 — 10'* Gauss
* BYP~107 Gauss

* However, WDs are much larger
e« RN5~10 km
o RWDNRearth~1O4 km

° Ssig XX Rng




What about white dwarves?

Magnetic field ~101% — 101* Gauss ~1077 Gauss
Radius 10 km 10* km

o » i .

* SsigNRng

* The signal from white
dwarves can be as
strong as from neutron
stars. i -

1078 1077 107® 107° 107
m, [eV]

c
]
k3]
2
o
a
x
o
o
<

Wang, Bi, Yao, Yin, 2101.02585



What about using the Sun?

* Magnetic field of the Sun is tiny
( ~ 1 Gauss)
e But, it is much bigger!
Re ~ 100RYP ~ 10°RN7
* The Sun is much closer.

dns ~ dwp ~ 10"dg
Ssig X RSB(%/CZQ
* \We have a vast amount of solar

f [MHz]
30 40 50 60 70 80 90100 120

—
<
~

—
<
oo

10~°
""""" s I Gilobular Clusters

MWDP i
Pulsars

Gayy [GeV'1] x (pa/PDM)O'5

1 2 3 4 5 6

HA, X. Chen, S. Ge, J. Liu, Y. Luo, 2301.03622



Searching for dark photon dark matter
directly with radio telescopes

Radio telescopes we have

i

M

o T o -
fi EI Indiatimes &



Searching for dark photon dark matter
directly with radio telescopes

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




Searching for dark photon dark matter
directly with radio telescopes

* For dipole antennas, the
oscillation of A" induces an EM
current in the antennas, and
produce electronic signals.

* The wavelength of A", A, > A

mmm) The units close to each
other oscillate in the
same phase



Searching for dark photon dark matter
directly with radio telescopes

e For dish antennas, the
oscillation of the dark
photon field induces the
oscillation of the oM
. DFDM Spherica
electrons in the reflector Mirror Mirror
plate, and produces EM
waves, which can be

detected by the feed.



Searching for dark photon dark matter
directly with radio telescopes

frequency [GHZz]
1072 107 10° 10’

€ x (oa/pom)®°

— —_— —_— —_—
| | I |
- - - -
B w N -

—
©

HALOSCOPES

10-15

10—16 PSR | " M PSR | " M PSS | N N PR S
1077 107 1075 1074

Dark photon dark matter my [eV]

HA, S. Ge, W.-Q. Guo, X. Huang, J. Liu, Z Lu, 2207.05767, PRL 130 (2023) 181001



Axion induced Birefringence effect

. . . . 0,a
» With axion-photon interaction: —9,F"" + L=t *PF 5 =0

f

* Using the transverse gauge: VA =0, A° =0

* For plane wave: A_|_k2A_|_%k><A:()
a , a

k=kz A=¢X+¢€,¥: €x + —€, =0 €y — €z =0

f f

* The polarization is rotating inside the axion field.



Searching for DM with Event Horizon
Te\escop

-22 -20 -18 -16 -14
sz s L°910[ma(ev)]
i’ CAST /! SN1987A @ M87° W SgrA

Y.Chen, J.Shu, X. Xue, Q. Yuan, Y. Zhao, Phys.Rev.Lett. 124 (2020) 061102



Pressure of ultralight bosonic DM

[ 7 \

TH = b

14

* |deal gas
p

\ p )

* For particle DM
* For ultralight bosons

* In the time scale much smaller than the mass, stars can feel a big
pressure from the ultralight DM.

* The oscillation of the pressure can also induce an oscillation of the
metric.



Pulsar timing array

* In the case of B-L A’, the pulsars are
charged and oscillate following the
oscillation of the A’ field.

* The oscillation of the metric can
change the path of the light emitted
by the pulsars.

Khmelnitsky et al, JCAP 2014 (02) 019
Graham et al, Phys.Rev.D, 2016, 93 (7): 075029
Tao Liu, Xuzixiang Lou, Jing Ren, PRL 130 (2023) 121401

* Pulsar Polarization Arrays



Collider searches
— we produce dark matter

Collider search

<

A

DM SM

)< Direct detection

DM SM

>

Dark matter annihilation



The Large Hadron Collider (LHC)
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How collider works

outgoing parton(s)

multi-parton interactions
underlying event S

anti-proton

0 V0
.......
Iy,
00

outgoing parton(s)




Searching for DM with LHC

* Mono-photon search
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Searching for DM with LHC

* Light mediator case
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Searching for dark mediator

* Fix target experiments
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Searching for dark mediator
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Special signal

* If DM can form bound state, there will be multiple charged
leptons in the final state.

* Production rate is small, but signal is striking.
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General hidden (dark) sector models

dark sector




DM connected to the Higgs boson
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Circular electron-positron collider

proposed circular colliders
“hin: anhuangdao (RER)
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Higgs invisible decay

* Higgs factory
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Searching for DM in cosmic rays

* Dark matter annihilates at the galactic center, generates additional
cosmic rays.

Collider search

o
<«

DM SM

>‘< Direct detection

DM SM

»
»

Dark matter annihilation



Searching for DM in cosmic rays

PAMELA
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Searching for DM in cosmic rays
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Searching for DM in cosmic rays

* FermiLAT gamma ray spectrum
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Searching for DM in cosmic rays

* With X ray telescope, a 3.5 keV access is detected

Bulbul et al, Astrophysics J. 789 (2014) 13

—

XMM-PN
Full Sample

T ' ]
XMM-MOS :
Full Sample 1 -~ -

3.57 £0.02 (0.03)

w b

3.51 +0.03 (0.05)

_

34 3.6 38 4 3 32 34 I 3.6
Energy (keV) Energy (keV)



Searching for DM in cosmic rays

 We don’t understand the background yet.
* Pattern of secondary scattering
* Astrophysics processes, such as pulsar distribution
* Maybe some un-identified isotopes can produce X-ray signals (*°K).



Dark matter self interaction

 All the searches (direct, indirect, collider) depend on the connections
between DM and SM sectors.

* What if the connection is superweak?

Kaplinghat, Tulin, Yu, PRL 116. 041302, 2016



Small scale structure anomaly

* Core-cusp problem
 CDM predicts that the center of dwarf galaxies are cusp-like
* Observation shows they are core-like

* Missing satellite problem
* CDM predicts more satellite galaxies than we observed.

* Too big to fail problem

* Many of the satellites are so big that there must be enough stars in it so that
we canh see them.



Core-Cusp problem

* Baryonic feedback I
* Supernova explosion _
* Change the potential dramatically il
DM at the center fly away

108(0/P )

e Dark matter self-interaction

e Self-interaction transfers the
kinetic energy from outside to
inside

* DM inside fly away with larger

kinetic energy.



Galaxies with no dark matter
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Summary

We need more clever ideas to search for dark matter.




