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Dark Matter Models

* ~90 orders of magnitude

« Ultralight DMs behave as classical wave fields
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- If QCD axion, m, is around 0.1-60 eV

Bosonic dark matter

- XENONA1T didn’t find signal at m_, = 1-210 keV region

- Placed world leading limits on ALP-electron coupling and vector dark
matter kinetic mixing


https://arxiv.org/abs/2006.09721

Core-Cusp Problem

« Dark matter density profiles between observations and
cosmological N-body simulations to not match

 Ultralight dark matter at ~10-%? eV has de Broglie
wavelength of about the size of galaxy core (dwarf
galaxies), and can a.V.QiQ.F“SP

Core:
Inferred profile from
rotation curve observations
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There are also more
recent observations
which seems like cusp,
or something between
core and cusp
(diversity problem).
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(including DM only)

There are also
arguments that
simulations including
baryons can create core
(baryon feedback).

Ultralight DM is not the
only solution.
Self-interacting DM is
another candidate.
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Recent Proposals for ULDM Search

* U(1)g or U(1)g, gauge bosons
- P. W. Graham+, PRD 93, 075029 (2016)
@ = _ A Pierce+, PRL 121, 061102 (2018) vector
@ = - D. Carney+, arXiv:1908.04797

« Variation of fine-structure constant and particle masses
-Y. V. Stadnik & V. V. Flambaum, PRL 114, 161301 (2015)
-Y. V. Stadnik & V. V. Flambaum, PRA 93, 063630 (2016)
@ = - A. A. Geraci+, PRL 123, 031304 (2019) scalar
@ = - H. Grote & Y. V. Stadnik, PRR 1, 033187 (2019)
[- S. Morisaki & T. Suyama, PRD 100, 123512 (2019) ]

« Axion-like particles
- W. DeRocco & A. Hook, PRD 98, 035021 (2018)
- |. Obata, T. Fujita, YM, PRL 121, 161301 (2018)  hgeydoscalar

- H. Liu+, PRD 100, 023548 (2019)
- K. Nagano, T. Fujita, YM, |. Obata, PRL 123, 111301 (2019)

- D. Martynov & H. Miao, PRD 101, 095034 (2020)

Not exhaustive. 7
The ones which require magnetic fields are not listed.



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.075029
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.061102
https://arxiv.org/abs/1908.04797
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.161301
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.93.063630
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031304
https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.1.033187
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.123512
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.035021
https://doi.org/10.1103/PhysRevLett.121.161301
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.023548
https://doi.org/10.1103/PhysRevLett.123.111301
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.095034

PRL 123, 031304 (2019)

Geraci+ (2019)

« Searching for Ultralight Dark Matter with Optical Cavities

PHYSICAL REVIEW LETTERS 123, 031304 (2019)

Searching for Ultralight Dark Matter with Optical Cavities

Andrew A. Geraci,' Colin Bradley,” Dongfeng Gao,’ Jonathan Weinstein,” and Andrei Derevianko
'Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208, USA
2Departmenl of Physics, University of Nevada, Reno, Nevada 89557, USA
3State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics,

Wuhan Institute of Physics and Mathematics, Chinese Academy of Sciences, Wuhan 430071, China

® (Received 1 August 2018; revised manuscript received 16 February 2019; published 17 July 2019)

We discuss the use of optical cavities as tools to search for dark matter (DM) composed of virialized
ultralight fields (VULFs). Such fields could lead to oscillating fundamental constants, resulting in
oscillations of the length of rigid bodies. We propose searching for these effects via differential strain
measurement of rigid and suspended-mirror cavities. We estimate that more than 2 orders of magnitude of
unexplored phase space for VULF DM couplings can be probed at VULF Compton frequencies in the
audible range of 0.1-10 kHz.

DOL: 10.1103/PhysRevLett.123.031304


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031304

PRL 123, 031304 (2019)

Geraci+ (2019): Principles

Dilatonlike scalar DM drives oscillations of the electron
mass m, and fine structure constant o

Which drives oscillations in the Bohr radius ag = h/(amec)

Which changes the size of atoms and chemical bonds

Time-varying strain in solid materials
dax  0Me

No length change

Length changes
with h



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031304

PRL 123, 031304 (2019)

Geraci+ (2019): Calculations

Scalar field (if coherence time > measurement time) -0¢a! bM
2] velocity
P(t,r) = m\/QPDM cos (2m fyt — kgr + - - ) /
¢ \ L
Local DM density kg =mgv/h

[same idea with axion] FPM = mgd/2 f¢ — m¢02/(27'('h)

Oscillations in the electron mass and fine structure constant

Omne(t, T) — d,,, VAThCE o(t, )

mMeo

N dlmen5|on Iess dilaton coupling constant

dalt, T) —d\/47rth A(t, 1)

87

Strain sensitivity [as usuall \ Planck energy
E,,=\Vhc/G
Shn = Spa/L— Cavity length ~ P /

T2 up to coherence time, T-V4 thereafter [as usual] 10


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031304

PRL 123, 031304 (2019)

Geraci+ (2019): Sensitivity

« 1 mW input, finesse 104, cavity length 10, 30, 100 cm
 Room temperature fused silica spacer, 107 sec integration

Actually |d, .+d.| but assumed

is d. negligible
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[feasible parameters!]

Thermal noise at the floor level can
be achieved by changing the
temperature to shift the resonant
frequency (DM signals can be
differentiated)

Theoretically well motivated region:
Natural coupling for an electron
Yukawa modulus with a 10 TeV
cutoff (standard model is believed to
be correct up to 10 TeV) [?77]

Resonant bar GW detector
AURIGA also sensitive but
narrow band

See PRL 116, 031102 (2016)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031304
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.031102

PRR 1, 033187 (2019)

Grote&Stadnik (2019)

* Novel signatures of dark matter in laser-interferometric
gravitational-wave detectors

PHYSICAL REVIEW RESEARCH 1, 033187 (2019)

Novel signatures of dark matter in laser-interferometric gravitational-wave detectors

H. Grote®"" and Y. V. Stadnik*>*"
'School of Physics and Astronomy, Cardiff University, The Parade, CF24 3AA, United Kingdom
Helmholtz Institute Mainz, Johannes Gutenberg University, 55128 Mainz, Germany
*Kavli Institute for the Physics and Mathematics of the Universe (WPI), The University of Tokyo Institutes for Advanced Study,
The University of Tokyo, Kashiwa, Chiba 277-8583, Japan

M| (Received 1 July 2019; published 19 December 2019)

Dark matter may induce apparent temporal variations in the physical “constants”, including the electromag-
netic fine-structure constant and fermion masses. In particular, a coherently oscillating classical dark-matter field
may induce apparent oscillations of physical constants in time, while the passage of macroscopic dark-matter
objects (such as topological defects) may induce apparent transient variations in the physical constants. In this
paper, we point out several new signatures of the aforementioned types of dark matter that can arise due to
the geometric asymmetry created by the beam-splitter in a two-arm laser interferometer. These new signatures
include dark-matter-induced time-varying size changes of a freely suspended beam-splitter and associated
time-varying shifts of the main reflecting surface of the beam-splitter that splits and recombines the laser
beam, as well as time-varying refractive-index changes in the freely suspended beam-splitter and time-varying
size changes of freely suspended arm mirrors. We demonstrate that existing ground-based experiments already
have sufficient sensitivity using existing data to probe extensive regions of the unconstrained parameter space
in models involving oscillating scalar dark-matter fields and domain walls composed of scalar fields. In the
case of oscillating dark-matter fields, Michelson interferometers—in particular, the GEO 600 detector—are
especially sensitive. The sensitivity of Fabry-Perot-Michelson interferometers, including LIGO, VIRGO, and
KAGRA, to oscillating dark-matter fields can be significantly increased by making the thicknesses of the freely
suspended Fabry-Perot arm mirrors different in the two arms. Not-too-distantly separated laser interferometers
can benefit from cross-correlation measurements in searches for effects of spatially coherent dark-matter fields.
In addition to broadband searches for oscillating dark-matter fields, we also discuss how small-scale Michelson
interferometers, such as the Fermilab holometer, could be used to perform resonant narrowband searches for
oscillating dark-matter fields with enhanced sensitivity to dark matter. Finally, we discuss the possibility of
using future space-based detectors, such as LISA, to search for dark matter via time-varying size changes of and
time-varying forces exerted on freely floating test masses. 1 2

DOL: 10.1103/PhysRevResearch.1.033187


https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.1.033187

PRR 1, 033187 (2019)

Grote&Stadnik (2019): Principles

« Temporal variations in the fine structure constant and
fermion mass creates
- time-varying size changes AANANAY
- time-varying shifts of the reflecting surface
- time-varying refractive index changes
of beam splitter and arm mirrors

LVK: Sensitive if ITMs
are asymmetric (or DM
~, field is inhomogeneous)
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https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.1.033187

PRR 1, 033187 (2019)

Grote&Stadnik (2019): Calculations

 QOsclllations In the electron mass and fine structure constant

ome 1
Me Af '« Coupling to fermion field [GeV]
oa 1
o A7 . Coupling to electromagnetic field [GeV]

* Mirror thickness change Mirror resonant frequency
ol < dar Om 1
F =

Mirror Q

) /
Q Me \/([1 — (f/f0>]2 + [f/(fOQmech)]z)

» Mirror refractive index change  [Materialwith large dn/dA?]
on _fon (—25—0‘ — 5me) ~ 5 x 1073 (-25—0‘ - 5me)

n _/‘77, oLy o Me o Me

Laser frequency For fused silica at 1um 14



https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.1.033187

PRR 1, 033187 (2019)

Grote&Stadnik (2019): Calculations

* In the case of Michelson interferometer (GEO600)

0l 0
5(LX - Ly) \/_nBSlBS ( l BS nBS)
BS nBS
S O
BS thickness  ~ ﬁnleBs (__a _om )
\ “ [I think this Is incorrect;

If f <<fy s, Ol/l term dominates see next page]
In the case of Fabry-Perot-Michelson interferometer (LVK)

-ﬁnleBs e’ 0MMe
0(Lx — Ly) ~ — Al | | —— —
* Y Neg \ 04 Me
, ./ i
Effective round-trip time TM thickness difference
(note that there’'s SRM) between arms

« TY2 uyp to coherence time, T4 thereafter [as usual]
[Paper says always T2 if cross-correlation analysis,

but I'm not sure if it is correct] 15
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PRR 1, 033187 (2019)

Grote&Stadnik (2019): Sensitivity

« 108 sec integration

H-K Guo+, Communications Physics 2,

155 (2019)

Taken from dark photon DM search [how

to convert to scalar DM search???]/z

tW !
4

Advanced LIGO design
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Cross-correlation with
modified aLIGOs
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https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.1.033187
https://www.nature.com/articles/s42005-019-0255-0

PRL 121, 061102 (2018)

Pierce+ (2018)

« Searching for Dark Photon Dark Matter with Gravitational-
Wave Detectors

PHYSICAL REVIEW LETTERS 121, 061102 (2018)

Searching for Dark Photon Dark Matter with Gravitational-Wave Detectors

Aaron Pier(:f:,I Keith Ri]es,2 and Yue Zhao'**
'Leinweber Center for Theoretical Physics, Department of Physics, University of Michigan, Ann Arbor, Michigan 48109, USA
2}Dep'.c.mtr;':e'nrf of Physics, University of Michigan, Ann Arbor, Michigan 48109, USA
3Departmem of Physics and Astronomy, University of Utah, Salt Lake City, Utah 84112, USA
4Tsung-Dao Lee Institute, and Department of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China

® (Received 7 February 2018; revised manuscript received 2 May 2018; published 8 August 2018)

If dark matter stems from the background of a very light gauge boson, this gauge boson could exert forces on
test masses in gravitational wave detectors, resulting in displacements with a characteristic frequency set by
the gauge boson mass. We outline a novel search strategy for such dark matter, assuming the dark photon is the
gauge boson of U(1), or U(1),_,. We show that both ground-based and future space-based gravitational
wave detectors have the capability to make a 5o discovery in unexplored parameter regimes.

DOI: 10.1103/PhysRevLett.121.061102
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.061102

Dimension less dark photon
coupling strength
(normalized to EM coupling) Mirror mass

PRL 121, 061102 (2018)

Pierce+ (2018): Principles

Dark photon: gauge boson of U(1) extension of the standard
model

Could couple to baryon number: B
Could couple to baryon number minus lepton number: B-L

Dark photon field: Dark photon mass
A(t,r) = Agsin (mat — kar)
Charge (B or B-L)
IM is ~ 1/GeV for B, ~1/2 /GeV for B-L

a(t,r) = ee—mAAo cos (mat — kar;)

2%

Acceleration on a mlrr/

This term is basically same
for all the mirrors

(for 100 Hz, m,=4e-13 eV
« Even if mirrors have same g/M, and 21/k,=3e9 m)

signal remains due to DM propagation -


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.061102

PRL 121, 061102 (2018)

Pierce+ (2018): Calculations

« DARM strain if all the mirrors have same g/M

AL Local DM
R = - = C—€e|A0|’U velocity
Ve should be
_ C‘ID h v QPDM E/(4Tr£) g?]

04\/_0 mA

Geometric factor for averaglng over the direction of DM
propagation, dark photon polarization, orientation of GW
detector arms (¥2/3 for LVK) [For PRCL and MICH ?]

« Analogy to stochastic GW search

_ _ [different fappro_ach from pr_evious papers]
overlap reduction function ~_observing time [no discussion

(|f|)h2\/T <~ on coherence time: | think it is

N imprinted in Af ]
- 2\/Shh 1( Shh,2(f)Af\ Af/f ~ 16-6

2 for 20, ~7 for 50 detector strain sensitivity

* Coupling € can be determined with R = h/2 21


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.061102

Pierce+ (2018): Sensitivity

« Two LIGO detectors or two LISA detectors

ma(eV)
« T=2 years of correlation AN AL LS S A
analysis i ‘ y
107}
1074
. . W
Factor of ~2 stronger limit for 1047 b,
B compared with B-L due to — 7 e\
larger charge 1074}
10—50 M i A A x
107 0.01 0.1 1 10 100 10%
[44] The weak gravity conjecture requires the existence of a f":zii

particle with eg > m/M ,;. This can be satisfied by intro- 0 107 10 105 10 10 112

ducing a O( keV) particle with e ~ 1072,
m/Mpl = keV / 1e19 GeV o ]
~ le-25 i
. 107% b
gravity should be v
1077 RS EW(20) LIGO
the weakest force AN
‘l 10749 | U(1)s-L
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.061102

Real Search with aLIGO O1 Data

* Huai-Ke Guo+, Communications Physics 2, 155 (2019)

« Done by the same group with similar data analysis method
* Done only for U(1); coupling

[probably because it can beat EP tests more

easily due to larger charge]
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1073 10712
109 ¢ |
J'T'\
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102 F
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\< -7 01 95% CL limits (1800s SFTs)
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10’ 102 108

COMMUNICATIONS
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ARTICLE

Searching for dark photon dark matter
in LIGO O1 data

Huai-Ke Guo', Keith Riles® 2, Feng-Wei Yang® >** & Yue Zhao®

Dark matter exists in our Universe, but its nature remains mysterious. The remarkable
sensitivity of the Laser Interferometer Gravitational-Wave Observatory (LIGO) may be able
to solve this mystery. A good dark matter candidate is the ultralight dark photon. Because of
its interaction with ordinary matter, it induces displacements on LIGO mirrors that can lead to
an observable signal. In a study that bridges gravitational wave science and particle physics,
we perform a direct dark matter search using data from LIGO's first (O1) data run, as
opposed to an indirect search for dark matter via its production of gravitational waves. We
demonstrate an achieved sensitivity on squared coupling as ~4x 107%, in a U(1)g dark
photon dark matter mass band around m, ~ 4 x 107" eV. Substantially improved search
sensitivity is expected during the coming years of continued data taking by LIGO and other
gravitational wave detectors in a growing global network.

23


https://www.nature.com/articles/s42005-019-0255-0

arXiv:1908.04797

Carney+ (2019)

« Ultralight dark matter detection with mechanical quantum
sensors

FERMILAB-PUB-19-364-T

Ultralight dark matter detection with mechanical quantum sensors

Daniel Carney®®?, Anson Hook®, Zhen Liu®, Jacob M. Taylor®, and Yue Zhao?

*Joint Quantum Institute/Joint Center for Quantum Information and Compuler Science,
University of Maryland, College Park/National Institute of Standards and Technology, Gaithersburg, MD, USA
b Fermi National Accelerator Laboratory, Batavia, IL, USA
“Maryland Center for Fundamanetal Physics, University of Maryland, College Park, MD USA and
4 Department of Physics and Astronomy, University of Utah, Salt Lake City, UT 84112, USA
(Dated: August 15, 2019)

We consider the use of quantum-limited mechanical force sensors to detect ultralight (sub-meV)
dark matter candidates which are weakly coupled to the standard model. We emphasize the scalable
nature of an array of sensors, which can be used to reject many backgrounds, and leads to sensitivities
scaling at least as fast as v/ Nget. We show that for some ultralight dark matter candidates, a pair of
milligram-scale, mechanical sensors operating at the standard quantum limit already has detection
reach competitive with other quantum acceleration sensors.
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https://arxiv.org/abs/1908.04797

Carney+ (2019): Principle

* Vector B-L dark matter produces force 20) 7
F = gB—LNB—LFO sin(mAt + (57-) / e

. . Y SN~ ~ 10n—15
Dimension less’coupling Fo~+/ppm = 107°N

constant B-L Charge

M Mirror mass

* Detect it with quantum force sensors
« Array of sensors can improve

sensitivity by |/ N lasor in ,
VaVaVa ’
=t
L

« Assume only one mirror is suspended o5


https://arxiv.org/abs/1908.04797

arXiv:1908.04797

Carney+ (2019): Calculations

[I think factor of 2 is consistently

* Sensitivity to the coupling will be |~ missing in Eq. (11) and Eq. (17)]
g (w) «—Force sensitivity
FF

gB-1 < fa /
N]_g)_LF()ZNdetCZ—]cot SFF — W2M Sa::c

2
S T MneutronW

N detcz—]cot T'neutron F 0

o L S~ Neutron ratio (~1/2)
« Effective integration time [as usual]

Atom structure
Tiot = Tint (if Tint < Teoh) Lepton

crt()t — \/TintTcoh (lf Tint > T coh) /P,““" ) » @ Flectron

Baryon
\ Neu ron Nuc[eus

B-L = (Proton)+(Neutron)-(Electron)
= (Neutron) for neutral atoms



https://arxiv.org/abs/1908.04797

Carney+ (2019): Sensitivity

arXiv:1908.04797

* 1 mg, mechanical frequency of 1 Hz, at 10 mK

* Input laser power changed from 1 W to 1e-15 W
(scan to broaden the sensitivity)

« 1 cm cavity (long cavity is not necessary)

Force sensitivity
[finesse is too high...]
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KAGRA Sensitivity



KAGRA Interferometéss ...

* Possibly more sensitive than
Advanced LIGO if we use
auxiliary length signals

DM searches with auxiliary
length signals have never

been done
—_—

Sapphire mirrors

PR3 ITMY

~

ETMX)

SR2

« Consist from fused silica
and sapphire mirrors
— unique search could be
possible - o°M .

SR3




Length Definitions

* DARM: Lx-Ly

« CARM: Lx+Ly

 MICH: Ix-ly

 PRCL: Ip1l+lp2+Ip3+Imi

e SRCL: Is1+Is2+Is3+Imi PR3 ITMY

Ipl
—_—
Lx =Ly = Larm = 3000.0 m
PRM

Lx = 26.6649 m .
ly = 23.3351 m PR2 BS ! ITMX ETMX
Imi = (Ix+ly)/2 = 25 m I, SR2
pl =14.7615 m 1S3 e
Ip2 = 11.0661 m Vo |
Ip3 = 15.7638 m t— Isl
s1 = 14.7412 m SR3 |
Is2 =11.1115 m !
|Is2 = 15.7386 m SRM

http://gwwiki.icrr.u-tokyo.ac.jp/JGWwiki/LCGT/subgroup/ifo/MIF/OptParam !



http://gwwiki.icrr.u-tokyo.ac.jp/JGWwiki/LCGT/subgroup/ifo/MIF/OptParam

Sensitivity
DARM: V[(ITMX)2+(ETMX)2+ (ITMY)2+(
CARM: N[(ITMX)2+(ETMX)2+ (ITMY)2+(
MICH: V[(N2*BS)2+(ITMX)2+(ITMY)?]

ETMY

MY)?]
MY)?]

PR2

—_—
PRM
PR3 BS | ITMX ETMX
PRCL: V[(PRM)2+(2*PR2)2+(2*PR3)? E S SR
+(N2/2*BS)2+(ITMX/2)2+(ITMY/2)?] |
SR3 E
SRCL: V[(SRM)2+(2*SR2)2+(2*SR3)?2 !
+(N2/2*BS)2+(ITMX/2)2+(ITMY/2)?] SRM

: 31



Auxiliary Displacement Sensitivity

Q9 “Designed” sensitivity
@ See JGW-T2011755 for details
s B DOFs |
10 ; NOTE: frequency
g Suspension thermal: noise peaks _ noise and
— ] N Quantum naise intensity noise
‘ E 10~16. 3 n not considered
— f | PRCE MICH for CARM
el _
& 10_17\/
" :
% 10_18‘5 |
E | N\
O 10_19'5 Ju/
0 ?
D_ ]
w0 10—20_:_%2?{: DARM
© m— MICH
10_21 — SRCL

10t 102 103
frequency (Hz) 32


https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/DocDB/ShowDocument?docid=11755

—

Mar 26, 2020 Sensitivity

Current DARM best sensitivity
Designed vs measured sensitivity

10_10 on GPS:269260118-1269260318 (2020-03-26)
= DARM design (OMC_DC)

10114, s, | MICH and
~12] ” iy et | PRCL
10 ' i :: DARM rneasu[red {TIIMC}_DC!I Callbrated

1013 R 4 K 2 Pt mesames worasy | Offline
it A

—-14| | (see
18_15 y W klog #14556)
10716 ' |
10—1? |
10-181 U oy
10_19 J;.I\J/
10—20
1072}

frequency (Hz) 33


http://klog.icrr.u-tokyo.ac.jp/osl/?r=14556

Offline Reconstruction

(April 7 to April 21, 2020)

Offline reconstruction was done using =
the calibration factor measured
on April 21

More serious calibration necessary

10~ 10

MICH and PRCL was not calibrated online durlng OBGK

—_ 10—11, -

I 10—12

E 10713,
4-:10 14|

E 10—15,
8 10—16_
2 -17
2 107"

o 10—18

o klogl#14556 _ \3 |
10 10 10
frequency (Hz)
Lo
—)—1{C’'—{ ADC
\ )
With a lot of help from I counts/m -
T. Yamamoto et al. C
y
A — DAC f
1 \ ' v
reconstruct |
x —Vepr + AV v
0 o b A micounts fb



http://klog.icrr.u-tokyo.ac.jp/osl/?r=14556

Scalar Dark Matter: Calculations

« Effective averaging time
T"cot — Tint (lf ﬂnt < Tcoh); ﬂot — \/TintTcoh (lf ﬂnt > Tcoh)

« Minimum detectable displacement in amplitude with SNR=1

9 <« [Need to check this factor of 2;
0L min = \/ Sz, |thinkthisis correct]
Vot ™ Displacement sensitivity
* Displacement from DM coupling
2 ;2
0r = 0z _5_04 — ome PDM = m¢¢0/2
e} Me

= dxo(—de — dpp, )V 47rthp_11q§0 COS Wyt

1 1 PRL 123, 031304 (2019)
=X (—— — —) ¢ocoswyt  “OF

A'y Ae PRR 1, 033187 (2019)
case 35



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031304
https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.1.033187

Scalar Dark Matter: Calculations

« Assuming all the mirrors are placed in homogeneous DM
Thickness difference

- DARM V(s — 1/2)ls J [ITMX+ETMX)-(ITMY+ETMY)}/2

51’0 — — AZTM ~80 um for aLIGO
Neﬂe ~0.09 mm for KAGRA (JGW-P2011476)
| think this Neff should be checked more carefull
. MICH | V]

5330 = \/i(nBS — 1/2)ZBS —+ A(nTMZTM) — AZTM/Q

Thickness difference

(ITMX = ITMY)
* PRCL 1 ~-0.21 mm for KAGRA (JGW-P2011476)
5$0 = 5 (\/i(nBS — 1/2)[]33 -+ Q(HTM — 1/2)lTM)

— IprM/2 — lpr2 — lpR3

« MICH and PRCL can be more sensitive, since more mirrors
are involved and the effect is not cancelled 36


https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=11476
https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=11476

me coupling |dm,|

Scalar Dark Matter: Sensitivity
* For dilaton m, coupling (PRL 123, 031304 (2019))

101

frequency (Hz)
e

10°

10°;
10*:
1034

1028,

1014
100

[

=
o O
N

1073

]
|
|
|
-
|
\ S ]
‘\""-. FERY
LY
b T 1
LR

]
i I
i
-
- ! -
-\ _-,.-"'..-*"'..-"
~ L
T
-
-

-
- "".‘—- -~
'—“_..- : ’.r"
= E“‘;;?"' BRSEhomo.is useq

KAGRA DARM sen
- =
i asyMmmetry miracu

ol 4)

= = aLIG0 design DARM (Tint=3.2 year)
= = FAGRA design DARM (Tint=3.2 year)
= = KAGRA design MICH (Tint=3.2 year)
= = KAGRA design PRCL (Tint=3.2 year)
— EAGRA O3 DARM (Tint=0.038 year)
m— EAGRA O3 MICH (Tint=0.038 year)
m— KAGRA O3 PRCL (Tint=0.038 year)

= = J0cm cavity (Tint=0.32 year)

= EP tests (PhysRevlett.123.031304)

Matural dm, (PhysReviett. 123.031304)

= 30cm cavity (PhysRevlett. 123 .031304)

| for KAGRA design DARM

sitivity is bad since ITM thickness
ously cancels the effect

30 cm cavity limit (calculated
from displacement sensitivity

in Fig. 2)

S\

[Somehow these

two don’t match by

1074

10-14

scalar dark matter mass my (eV)

- ']'_'0—11 a factor of ~2]

37


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031304

Scalar Dark Matter: Sensitivity
* For m, coupling (PRR 1, 033187 (2019))

BRSEhomo is used for KAGRA design DARM
KAGRA DARM sensitivity is bad since ITM thickness

freq uen C&{ ( H Z) asymmetry miraculously cancels the effect
10° 10°

== glIGO design DARM (Tint=3.2 year)

== KAGRA design DARM (Tint=3.2 year)

= = KAGRA design MICH (Tint=3.2 year)

== KAGRA design PRCL (Tint=3.2 year)

— CAGRA O3 DARM (Tint=0.038 year)

m— KAGRA O3 MICH (Tint=0.038 year)

m— KAGRA O3 PRCL (Tint=0.038 year)

== Fifth-force searches (PhysRevResearch.1.033187)
LIGO {PhysRevResearch.1.033187)

Matural 1/A: (PhysRevResearch.1.033187)

10—11

Q eV \ \
3 10-22 ysic 40\:@ rysed ~—_
S 10 Tl tnis ™ [These two don’t match;
o 10—23: awra\ o oW {o G2 some differences in the
& >4 i {Not sut interferometer
10 0-14 — — . parameters?]

1013 10712
scalar dark matter mass my (eV)

38


https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.1.033187

Scalar Dark Matter: Sensitivity

* For a coupling (PRR 1, 033187 (2019))

BRSEhomo is used for KAGRA design DARM
KAGRA DARM sensitivity is bad since ITM thickness

1 fre q uen calz ( H Z) asymme;ry miraculously cancels the effect
" 10 1 10
_ 10 ' | i i)
—l 1 0 —15] = = KAGRA design MICH (Tint=3.2 year)
| T KAcA 03 DARM (Tint—0 038 yeur
> 1 0 —16 ] —— KAGRA 03 MICH (Tint=0 038 year)
qJ — K_AGRA 03 PRCL (Tint=0.038 year)
9__ 10-17- T 60 (rysnernescarct nooman
T~ 10~ 18] BRSEhomo is used for
i KAGRA design DARM
—~ 10~1° ...
e \
o 1020/ AHGO-
%- 1 0 —21] \ \
> —
o 10 22'_ T~ [These two don’t match;
< 10-231 some differences in the
B .
Interferometer
10_;%_14 10-13 10-12 1o-11 Parameters?

scalar dark matter mass my (eV)
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https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.1.033187

Vector Dark Matter: Calculations

« Effective averaging time (following arXiv:1908.04797)
T"cot — Tint (lf ﬂnt < 7_coh)a ﬂot — \/TintTcoh (lf ﬂnt > Tcoh)

« Minimum detectable displacement in amplitude with SNR=1

2 < [Need to check this factor of 2]
5xmin — =V S:B:I:
Vot ™ Displacement sensitivity

 Acceleration to mirror

dB-L NB—L
a| — €€ mAAO al=|F|/M = B—L F
T a| = [F|/M = g5 1 =22 Fy
T'neutron T'neutron
= €€ vV 2ppMm — UgB-L vV PDM
M neutron TMneutron
PRL 121, 061102 (2018) case arXiv:1908.04797 case
[Simply € = gp_1, if Fy=1e-15 N? ppm = ma AL /2

(both are dimensionless)] 40


https://arxiv.org/abs/1908.04797
https://arxiv.org/abs/1908.04797
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.061102

Vector Dark Matter: Calculations

* Relative displacement depends on the geometry

« DARM (all same mirrors) For small kL
|ka|Larm Sin a)

O0TDARM = |@TM 2 COS O — ary, sin )| (
average 5 V2 |am||ka| Lam
(0THARM) = 2
3 mi

[ didn’t confirm if this PRL 121, 061102 (2018) Eq. (A3)
averaging is correct]

* Acceleration difference between different mirrors X-arm
ay cos (mat) — ag cos (mat + ka L)

~ /(a1 — a2)? — araa(kpL)?

This term is ~10 orders of Only this term remains for mirrors with
magnitude larger for fused silica same charge (kL=6e-6 for 100 Hz, L=3 km)

and sapphire B-L, if L~100 m

atMm - aps = 0.01 : 0.5 ForB-L (for B, all mirrors are the same)


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.061102

Vector Dark Matter: Calculations

* For central part, kL term can be negligible

+
[I need someone to check this]  PRM '
C PR2 BS 1 ITMX
 MICH I
1S3 | /| SR2
\/i 152!
\/(5:1;2 >: |aTM—aBS| ' .
MIEH 3 mi SR3 o
|
|
- PRCL 2 srw
|
1
d12 _ 1 §\/(CLTM + aBsg — 2aPRM)2 + (aTM — a,BS)2
(0Tprer) = 3 5
o

42



coupling €5_,

el oL el o L] =T SSTSST =

oleolelels

~37.
70-%
10739

Vector Dark Matter: Sensitivity

« For dark photon, B-L coupling (PRL 121, 061102 (2018))

0
0
0
0

I o
N
(o)}

-

frequency (Hz)
101 : 13/2

—40
—41]
—42]

—43]

|
TN
RS

|
IS
~

10°DARM

= = allIG0 design DARM (Tint=2 year)
= EAGRA design DARM (Tint=2 year)
= = KAGRA design MICH (Tint=2 year)
= = KAGRA design PRCL (Tint=2 year)
— EAGRA O3 DARM (Tint=0.038 year)
— KAGRA O3 MICH (Tint=0.038 year)
— KAGRA O3 PRCL (Tint=0.038 year)
e EW (PhysRevlett.121.061102)
LIGO {PhysRevLett.121.061102)

N
[These two don’t match

|
& B
O 00

I
U 1 U
N = O

by a factor of two;
probably since our SNR
threshold is 1; not sure
about the correlation
analysis]

(-
ol PRI BRI | W RTTIT B NTITT MW | FRTRTT MR | ||||||=_| L
[
N

vector dark matter mass ma (eV)

ot 107 10
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.061102

coupling &3

Vector Dark Matter: Sensitivity

« For dark photon, B coupling (PRL 121, 061102 (2018))

1 frequen Ca/z (Hz) DARM more sensitive than
36 10 1 B-L due to larger charge

1 0 - \ |i | o : I = = alIGO design DARM (Tint=2 year]
10737 it DARM T A seson e (s ey
107 2% imwmernte e KAAA O3 DARM (00,038 year
1 0— 39 1 MICH and PRCL is very bad =—— KAGRA O3 MICH t[Tint=n.é3B y};ar}]
1 040 due to short length and W (Phyameviett 191 061102
10~ j% 1160 1 (Commun Phys (20190
10~

—43
10-,
104>
1040, X ’

_47] [These two don’t match
10_48‘; by a factor of two;
%8_49‘5 probably since our SNR

threshold is 1; not sure
10_2{; aLIGO O1 (893 hours) about the correlation
%8_525 Commun Phys 2, 155 (2019) analysis]
10~14 10713 10712 10~

vector dark matter mass mu (eV) 44


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.061102
https://www.nature.com/articles/s42005-019-0255-0

Vector Dark Matter: Sensitivity

« Converted to gg, In arXiv:1908.04797 using €=gg_
101 Bfrequenlcalz(Hz) 3 [This seems to be correct]

10°pARM

= = glIG0 design DARM (Tint=2 year)
== KAGRA design DARM (Tint=2 year)
= KAGRA design MICH (Tint=2 year)
= = KAGRA design PRCL (Tint=2 year)
= EAGRA O3 DARM (Tint=0.038 year)
— KAGRA O3 MICH (Tint=0.038 year)
m— KAGRA O3 PRCL (Tint=0.038 year)
= EP tests (PhysRevD 93.075029)

= = EW (PhysRevlLett.121.061102)

10_185

N

| [Two EP tests limit from

different references do
not match; need to
check]

1026} " slightly worse than the previous calculatiofs,
' _done assuming optimal direction, but still good

10—27'
10—14 10—13 10—12 10—11
vector dark matter mass ma (eV)

45


https://arxiv.org/abs/1908.04797

Thoughts

For scalar dark matter search

- sensitivity improvement at low frequencies is possible with auxiliary
signals, but it seems like it is not feasible to beat EP tests

- Table-top experiments would be better

- Physics target from “~10 TeV”

For vector dark matter search

- considered DM vector “correctly”

- KAGRA can do unique search with auxiliary signals

- Large-scale experiments have advantages at low frequencies due to
serious vibration isolation (we must achieve the low frequency sensitivity
target!!)

- Physics target from weak gravity conjecture

Diverse DM models and parameter space; many people discussing
almost same ideas with different parameters

More thinking necessary on data analysis, cross-correlation analysis
- T-V2 or still T4

Investigations on EP tests also necessary 40
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Summary

Dark matter search is

another way of probing
gravitationa

| physics
Laser interferometers are

attractive tools to search for

ultralight dark matter
« Table-top experimen

tsw

th

new ideas can compete

with large scale projects

ique

searches because of the

KAGRA can do un

Ire mirrors

use of sapph
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