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Evidence for dark matter
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Theories of dark matter
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Ultralight dark matters
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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 \/




Wave DM vs particle DM

 Particle DM:

* p = NpyMpym

*p=0 \/‘
* Wave DM:

* p = APmpy

* p ~ A’m3%,, cos 2mpyt

 \We can observe the difference when the observation time scale is
smaller than mp .



Searches for axions

* It is a pseudo-scalar field.
* |t can interact with all the fields in the standard model.
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Axion interaction with photons
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Axion interaction with photons
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e Star cooling, astrophysics
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Axion interaction with photons
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* Light shining through the wall

‘_I’._‘ 1010
> Globular clusters
v I ALPS-II
U ] ”1 N4
= High ¢ ¢
- o . > > 2
C}% 10—11 energy / h :
ey i bl ot R e A fl ............... i .23 *B B *
............................................... 3 Y g
R
(V]
10_12 | T TTTHT T H

Ll | LLLBLLALL | LILLALRLLLL | LU LILLLLALL | T Ty LILLBLILLLL | LLNLALLAL | |
10710 1072 107 1077 107 107° 107* 10°2 1072 107! 100 10!

my [eV]



Axion interaction with photons
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Axion interaction with photons

* Neutron stars
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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 -
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Axion interaction with photons
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Axion interaction with photons
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Axion interaction with photons
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Axion interaction with electrons
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Axion interaction with electrons
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Axion interaction with neutron
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Axion interaction with neutron
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Axion interaction with neutron

|Qan|
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Searches for dark photon DM
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Helioscopes for dark photon
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Searching for ultralight dark matter directly
with WIMP detectors i Mo e
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Resonant cavities for dark photon dark matter
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Resonant cavities for dark photon dark matter
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Resonant cavities for dark photon dark matter
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Searching for high frequency axions and dark
photons with di-electric layers

e Dark photon dark matter oscillate to on-shell photons
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A little summary

* The searches for axions and dark photons are different.

* Axion and axion-like particles
aF,, F*  0,aNy"ysN  Ojaey"yse Dimension five operators
e Dark photons

€

_2FWF/W A (Jg—Jr) AL —JE) Marginal operators



The QCD axion

* QCD Lagrangian

o e i 1 a uv a gg a uv ova
Lqcp = Zq(zlﬁ—mqe ") q - ZG " GHV+9327T2G G

q
* 0 term breaks P and CP, and causes the strong CP problem

87r2

« E(9) =—2Ke 9% cosf (onlythe instanton gas contribution included)

* Lift 6 to a field to solve the problem, 8 — 6 + a(x)




The axion quality problem

* a(x) is a goldstone boson corresponding to a sponstaneously broken
symmetry (Peccei-Quinn symmetry). ® = % (f, + pye'¢a.
* The axion potential caused by QCD is too shallow.

* All the global symmetries are broken by quantum gravity, we expect
Planck scale suppressed operators to generate potential for axion.

o A [B[2™ (€700 D" 4 €10 BT 3 Anfﬁ( fa )d“* o (n_ s )
PQ—break mlcil_4 9 \/§mp1 fa, n

e Requires d = 8,10, 12 for f, ~ 108,101°, 10> GeV.



Solutions to axion quality problem

* Gauge potection

Introduce more gauge symmetries to make PQ symmetry an accidental
symmetry. (e.g. SU(6), SU(7) model by Ning Chen.)

* Tune the gravitational coupling

Vo _ M@ (e7m 2" 4 e 2l 2 ol ( = )d_4 Cos (@ —0
PQ—break mg)l_4 9 \/impl fa n

* Heavy axions




Solutions to axion quality problem

* Mirror sector model (heavy axions)

% 7] a’(x) a QaUY —) % i N =~ 1 A
538ﬁ<9+ fa)GWG 87r(fa+0> (6G+a'd)

Hook, Kumar, Liu, Sundrum, 1911.12364

. A’QCD > Ngcp to strengthen the axion potential.
* The axion becomes much heavier and cannot be DM. @@



The axion domain wall problem

X
* Take the KSVZ example y&k
2
gsNpw -, ~
L= GG
3272 % %
G &

* In QCD Npyw equals number of copies of Q.
* Domain wall will cause problems unless Npy = 1.

If Npw > 1, domain walls will form network, and dominate the
universe.



To solve the domain wall problem

.NDW:1

* PQ symmetry breaking before inflation, the observed universe is in
one domain.

* Re-examine the SM gauge group.
SU3)xSU(2),xU(1)y gauge group has a nontrivial center.T' = Z,

o If we gauge SU(3)xSU(2),xU(1)y/K, K c T, and non trivial, the
global structure will be changed.

* Fractional instantons may help annihilate the domain walls.

Cordova, Hong, Wang, 2309.05636



Dark photon DM production

* Produced through quantum fluctuations during inflation.

Graham, Mardon, Majendra (2015) 101
* Produced through parametric resonance. 12 Cosmic String

Co, Pierce, Zhang, Zhao (2018)
Dror, Harigaya, Narayan (2018) -
Bastero-Gil, Santiago, Ubaldi, Vega-Morales (2018) § i
Agrawal, Kitajima, Reece, Sekiguchi, Takahashi (2018) = 10°]
* From decay of cosmic rays 10°| # stability

107k
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Long, Wang (2019) ool
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Problems with DPDM production

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

1 / v *
L=~ Fj, F" + (D"6) Dy — A(|6]* — v?)?

~_

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

|A"| > v
)

with Higgs are not favored.

East and Huang, 2206.12432



Da rk phOtOn DM prOd UCtiOn Simplest version are not favored.

* Produced through quantum fluctuations during inflation.
Graham, Mardon, Majendra (2015)
/» Produced through parametric resonance. ) . ‘i

Co, Pierce, Zhang, Zhao (2018) 12,2
Dror, Harigaya, Narayan (2018) 10”2

Bastero-Gil, Santiago, Ubaldi, Vega-Morales (2018) E 1010;
Ugrawal, Kitajima, Reece, Sekiguchi, Takahashi (2018)j 109;

* From decay of cosmic rays 10°) ¢ sabilin/ |
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Ways out

* Dark photon is completely Stueckelberg --- No Higgs. Produced during
inflation through quantum fluctuations.

* No cosmic strings in the spectrum.  Graham, Mardon, Majendra (2015)

e But, there is still constraint from the weak gravity conjecture.
Reece 1808.09966, Montero et al., 2207.09448

* However, DPDM might be rescued using vector clockwork.
Craig and Garcia, 1810.05647



> 10—11 .

Summary

e A lot of searches for wave DMs.
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Summary

* Not all the parameter space that can be covered by current and
future experiments have good motavitions.

* In this sense, for wave dark matter experiments are more advanced
than theories.

* The wave dark matter experimental searches provide a good
opportunity for theorists to build models.



Motivations for ultralight dark matter

* Fuzzy dark matter for small-scale anomalies?
* Core-cusp
* To-big-to-fail
* Missing satellite
* Very strong constraints already for m ~ 10722 eV fuzzy dark matter
* Lensing
* Lyman-alpha

* The booming of wave DM is almost completely because theorists are
tired of WIMPs.



