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Current Status of Particle Physics:
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Dark Matter Overview:
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What Do We Know About Dark Matter?

Particle Standard Model works extremely well 1n short distance,
but fails miserably at cosmological scale!

.
L =23 Mt =L 3 Gafdiic? =171 Calsti? a = LM 3T Gt ] | DARK MATTER
3] ¥ y

LEL " ] . i a o a
@I @F OIf @ B @
_ up y charm J top J gluon ) higgs graviton

— =

Ol =i = L Gl a =
¥ ¥ L L] o —
g 9 : @ 7 “ = Dark Energy
down STEI"IEE J bottom J phumn B fPARTICLEZ 0 / Uf”

=011 MeteT | =10 00 M J =1 T Gaer
L 1 1 : 1a
- @ @ | @ |}
electron l muon i tau I boson
- S

=3 3 et 0 17 MW = LA 2 MW G
i} a a 1=l

o 2 AW

electron Mo tau
| neutrino neutrino || neulrino___J

J
TENSOR BOSO!

ONS

GAUGE BOSONS

LEPTONS
VECTOR BOS

10-26V  10~2eV keV' MeV GeV TeV M, ~ 107 GeV
< # | - >

' " possible dark matter mass range T
(Almost 100 orders of magnitude!!!) @




A GeV excess at the Galactic Center:
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A GeV excess at the Galactic Center:
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Two explanations:

on shell b

Best Fit Spectra
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Efforts to distinguish these two explanations:

 Smoothness: Point Source v.s. Smeared Distribution
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GW channel can be useful:
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|Continuous gravitational waves

X | Time series data (nolse dominated)
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Existing search:
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The LVK collaboration
Phys. Rev. D 106, 102008
All-sky pulsar search
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Ellipticity distribution:
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Evidence for a Minimum Ellipticity in Millisecond Pulsars
Astrophys.J.Lett. 863 (2018) 2, L40
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Future Improvement:

Current results are based on the all-sky pulsar search:
Not focused on the galactic center

For CW search with almost fixed frequency, angular resolution can be
excellent due to Earth motion!

o C/vearth

00 =
f X Tcoh

Existing galactic center search: Phys. Rev. D 106, 042003
~ 1 degree by 1 degree (@1kHz)

We need to find the middle point for the GeV excess.
~10 degree by 10 degree



Future Improvement:

We can estimate the MSP 105
distribution assuming it traces that
of stars in the bulge. 100

log1oN

9.5 4

The density of stars in the bulge

can be modeled as a triaxial 00
Gaussian profile:
8.51
.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
np(x,y,z) = ngoexp (—r;/2) \X openfnoie
Only covered 1% of the

1/4 otential MSPs.
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with xg = 1.59 kpc, yo = 0.424 kpc, and z; = 0.424 kpc.



Future Improvement:

Projected MSP distribution
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Future Improvement:

Optimize the search strategy:

Current searches:
All-sky: Not focused on the galactic center
Galactic center search: ~ 1 degree by 1 degree

We need to find the middle point for the GeV excess.
~10 degree by 10 degree

Complementarity between CW search vs Stochastic search:

If none of the MSP 1s bright enough to be 1dentified individually,
we can look for the broad band incoherent SGWB.



Ultra-light DM:
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a natural prediction of many string-inspired models

Bosonic DM with gigantic occupation number
—> Background Field ( axion /|dark photod / dilaton )




Ultra-light DM — Dark Photon

Standard Model gauge group  dark gauge group
[SU@). < SU@)L x ULy]x[U(1)]

Gauge bosons: gluon, W/Z, photon ~ Additional U(1) gauge groups
naturally appear in many UV models.

Its gauge boson is the dark photon.
U(1)z proton + neutron
U(1)p—_r1 proton + neutron — electron

Ordinary materials carry huge
dark charges, and thus feel a force
by dark photon field!

Ultra-light dark photon can be a good candidate of cold dark matter!



Ultra-light DM — General Picture:

LVK: advanced Michelson—Morley interferometers

Ultra-light DM: coherent state =) background classical radio wave

test mass

light storage arm

light
Stor,
test mass age arm, test mass

test mass

beam
splitter photodetector

Dark photon dark =) Change photon propagation =) interferometer pattern
matter moves mirrors. time between mirrors.



Ultra-light DM — General Picture:

A common motion of mirrors can also induce observable signals!

—> due to finite photon traveling time

S. Morisaki, T. Fujita, Y. Michimura, H. Nakatsuka, |. Obata
Phys.Rev.D 103 (2021) 5, L051702
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Properties of DPDM Signals:
Signal:

e almost monochromatic

DM velocity dispersion.
Determined by gravitational
potential of our galaxy.

—> A bump hunting search in frequency space.

* very long coherent distance
1

A Ui

~ 3 x 109111( 1[][]Hz>

gcoh =

—> Propagation and polarization directions remain
constant approximately.



Ultra-light DM — Dark Photon Induced Displacement:

Correlation between two sites 1s important to reduce background!

l\
dark photon field value

Hanford
Observatory

Due to long coherence
length, signal 1s almost
the same for both sites.

Livingston
Observatory



Search based on SGWB method:

Signal-to-Noise-Ratio can be calculated as:

T2
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overlap function

. . . describe the correlation among sites
observation time of an experiment, O(yr) g

SZT/ Y FD))Saw (1 f])

N? = —/df P (1) QP Pa(lIf).

optimal filter function

, , . maximize SNR
one-sided strain noise power spectra



Coupling Strength

Sensitivity Plot:
A. Pierce, K. Riles, Y.Z.
Phys.Rev.Lett. 121 (2018) 6, 061102
Dark Photon Mass (eV)

1018 10716 10-4/

10-%
LLE(2r)
10746 \\‘_—// (Eot-Wash web)
EWi2ir)
Lorand Eotvos
LIGO
—> Eot-Wash
1{}—43
UDg design
10-30 e sensitivities,
1 100 ) VIS

Frequency (Hz)



Search based on CW method:

Take Fourier

transforms of length
Trer ~ Teon and
combine the power in
each FFT without phase
information

Candidates are considered in
coincidence 1f they are within
one frequency bin of each
other, and if the critical ratio
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Search based on CW method:
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O3 Result:
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Cross correlation is
weaker because
Livingston and
Hanford are almost
anti-aligned.

It will be improved
when more
detectors join the
network.



KAGRA 1s special:
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Dilaton Dark matter:
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Axion Dark matter:

Some extra components for
polarization measurements
need to be added to the
existing GW detectors.
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Conclusion

GW detection opens new windows to search for new physics!

The MSP hypothesis at the galactic center has been tested.
Future improvements will be implemented.

Dark matter direct detection can be performed.
Similar analysis will be carried out for other DM candidates.

Nice complementarity:

GW physics and particle physics
CW method and SGWB method.
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