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Status Report
of BO1l Group

(DM search w/ interferometer)

Tomohiro Fujita (Waseda IAS)

Collaborators Y. Michimura (PI), J. Kume,
H. Nakatsuka, A. Nishizawa (U. Tokyo)
S. Morisaki (Milwaukee) K. Nagano (JAXA)
and |. Obata (MPA)

@ Online symposium on 29t Mar. 2022
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® Nikkei Newspaper [March 20t (Sun)]
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Nagano, TF, Obata & Michimura
PRL123,111301(2019)

® We installed our pol. monitor system in KAGRA!

Almost ready for Axion DM search in O4 run. ‘ Nagano-kun’s talk

Additional
optics

p-polfromaxion  pggitional




® Workshop w/ A01 Group ® Joint Seminar Series
“WS on very light DM 2021” “Paris-Tokyo DM Seminar”

£ : w/ SYRTE (observatoire de Paris)
J -
Workshop on Very Light Dark Matter 2021

27-29 September 2021
Online

Almost every month

Contribution List

Discuss exp. techniques and

8. ABRACADABRA-10cm: First Search for < Tmicro-eV Axions
2. Lindley Winslow

S | data analysis
e DAMNED experiment (Scalar DM)
carefully analyzed the data

184 participants (dom 67, Intr 117)

40 talks/3days =) Inspired us to work

Recorded talks are still available on stochastic effect




® Awards for BO1 family members

T.Fujita won JPS young scientist award
J. Kume won two JPS student presentation awards
A. Nishizawa won MEXT young scientists’ prize

|. Obata won S. Nakamura award

@ New position

Prof. Michimura (PI) moves to Caltech
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Dark Matter
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Dark Matter

Cosmic pie chart Local DM Halo

0,
21% :! ppm = 1076GeV/cm3
Dark Matter

Dark Energy p]l)o]\(/:[al — O.SGQV/Cm3

We live inside a high density DM halo! ‘
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DM Candidates
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90digits discovery space
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Higgs boson PIanck mass Solar mass
(125 GeV) (1.2e19 GeV) (1.1e57 GeV)

XENONA1T limits on ALP
(1-210 keV)

QCD axion
<«
24 Hz~24kHz

(1e-14 ~ 1e-11 eV)
Laser Interferometry




Who's popular?

# Of paper 000 WII\/IE%DM/O%?;

Axion9 DM
4
Hit count of 100

“XX dark matter”

in Google scholar Vector DM
for every 5 years




Ve CtO r D M (a.k.a. Dark photon DM)

VDM = Electric wave with a mass

1

. 1 9 L Elect ti
Theory: [ = —ZF“’”F,W + §mAA”A“ —epedp Ay e

Electricpart: E = —A4 ~ WA, Magnetic part: B=V X 4 ~ kA,

Dispersion relation :  @? = k% + mfl ~ mfl > k2, (k =muv, v~ 10—3c)

‘ E ~ EO Cos(mAt) > B Electremagaetic wave!




DM density

piogal = 0.3GeV/cm?®

Milky Way !

ppm ~ 1076GeV/cm3




DM density

Vector DM

Wave-like DM is also a good candidate! I‘




VDM Coupling

VDM = Electric wave with a mass

1 1
Theory: [ = _ZFWF”V + §m?4A“A“ —eped A, (D=BorB—1)

Additional Interaction

Charge for VDM = B (baryon #) or B-L (baryon # - Lepton #)

[Note: B(proton)=B(neutron)=L(electron)=1, otherwise=0 ]

Coupling strength relative to electromagnetism : | €g, €5_;, < 10723

20

| mm) Need to be extremely sensitive!




AXION DM @xa aceom

Similar to VDM. Wave-like DM ¢ = ¢, cos(mgt)
But, 3 differences. ADM is

€@ Scalar : no direction

e Parity violating : Left & right become asymmetric

e COUp|ed '[O phOtOﬂS : Lint = igngﬂvﬁuv (Chern-Simons coupling)

ADM = Birefringent media




Photon in ADM

EoM for photon with ADM ¢ is

[07 —V?]A=—gpV X A dmmm ¢ = P, cos(myt)

Additional Interaction

Dispersion relations of left/right polarization are modified as fve In ADM

w%,R = kz [1 + gqbo%sm(mt)] (ikxe,p=1ep)

|
N /

Speed of light changes depending on circular polarization! —,‘;

mm) | ADM = Birefringent media




DM Summary

Vector

Electric wave

Image with a mass

Interaction B or B-L

aLIGO DARM
KAGRA Aux.

Search

AXxion WIMP

Massive
Particle

Birefringent
media

Photon Nuclei

Add PD to KAGRA
Data take in O4

Particle collider
Undergrond exp.

\

Y
Nagano-kun’s talk
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VDM acts on Mirrors

VDM (= electric wave) pushes mirrors, just as E does electrons.

VDM : A =Aysin[mu(t —v - x)]

Force: F = —epeQpA

€Epe
Mirror : §x = — QDAO sin[myt]

mgy

mirror




VDM acts on Mirrors

VDM (~ electric wave) pushes mirrors, just as E does electrons.  / u E

VDM : A =Aysin[mu(t —v - x)]

Force: F = —epeQpA

. epeQp
Mirror ;: 6x =

Ap sin[m,t]

my I
VDM oscillates mirrors o

oscillate




Common Motion

GW detectors measure the differential motion of the mirrors

Pierce, Riles and Zhao,
PRL121, 061102 (2018)

Wavelength of VDM is

-1
AVDM = 21 = 107km( 1z ) > Larm

maVpm 10-13eV

VDM looks like homogeneous E

mmm) Signal suppressed by (m4vpyLarm)

distance
unchanged




Previous bound on VDM coupling to B from aLIGO O1 data

les|

Pierce, Riles and Zhao,
PRL121, 061102 (2018)

Guo, Riles, Yang and Zhao,
Commun.Phys.2, 155 (2019)

—— 01 (updated)
—— 01 (previous)
—— Edt-Wash
—— MICROSCOPE

comparable
to the other
constraints
by EP test

10-1

MICROSCOPE mission




c + o Effect

Morisaki, TF, Michimura,
Nakatsuka and Obata

There exists a VDM signal even if the mirror motion is common. [PRD103,051702 (2021)]

I

“Finite light-traveling time effect”

\
| \ =/ |

If round-trip time = period of VDM
(Larm/c = m/my)




c + o Effect

Morisaki, TF, Michimura,
Nakatsuka and Obata

There exists a VDM signal even if the mirror motion is common. [PRD103,051702 (2021)]

I

“Finite light-traveling time effect”

| \“_/ V|

Effective distance changes




Morisaki, TF, Michimura,

c = oo Effect

There exists a VDM signal even if the mirror motion is common. [PRD103,051702 (2021)]

“Finite light-traveling time effect”

21C mgy

-1 /
CTvom = = 10%km (10-13eV) > Larm

Signal suppressed by (muL,rm)? \ /
L
But still, it yields the dominant signal I I
<eeeee————)

Effective distance changes

mmm) Actual bound is better!




Updated bound on VDM coupling to B
from aLIGO O1 data

Morisaki, TF, Michimura,
Nakatsuka and Obata

PRD103,051702 (2021
|€B | / [ ( )l

10—2(]

|
‘/ X 10 improved

the constraint

—— 01 (updated)

—— 01 (previous)

= Eot-Wash

—— MICROSCOPE
1

10‘711




Updated bound on VDM coupling to B-L
from aLIGO O1 data

Morisaki, TF, Michimura,
Nakatsuka and Obata

/ [PRD103,051702 (2021)]

=== 01 (updated)

—— 01 (previous)
E6t-Wash

= MICROSCOPE

10‘—11




Updated bound from aLIGO O3 data (LVK collaboration)

mass (eV/c?)
10—13 10—12 10—11

10-40 —— Cross correlation . 03 reSUIt inCIUdes

Tg] -
N —-41 4

W 10 e Et-Wash y the ¢ # oo effect.
10742 - ---- MICROSCOPE
[ BSD limits +10

%

1075 ~10 times better

bound than O1 run.

10744 4

1045
10—46 ;

10747 4 Stochastic effect

1048 : — : ———r . . ]
10! 103 IS nOt tOOk |nt0

frequency (Hz) account
[arXiv:2105.13085]
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KAGRA beats aLIGO

You might guess KAGRA < aLIGO in the sensitivity to VDM...
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Michimura, TF, Morisaki,
Nakatsuka and Obata

For B-L coupling, KAGRA goes beyond aLIGO i, G




Auxiliary channels

All mirrors in aLIGO are fused silica, but KAGRA uses sapphire mirrors.

ETMY

KAGRA measures

V|_ Michimura, TF, Morisaki,

Nakatsuka and Obata
" DARM: 6&(Ly—1L,)

PRD102, 102001(2020)

Y-arm cavity

POt recycling

cavity signal MICH : 6(lx — ly)
recycling

I s cavity
fused silica % _ETISRM
anti-symmetric

__ SRCL: S[(Lx +1,)/2 + L]

DARM channel

MICH & SRCL observe distance btw mirrors made of different material

m==) VDM acts differently




B-L Charge

Different material <===) different charge for VDM

Acceleration: a=F/M « Qp/M charge/mass is important

B coupling : Qp = N

B — Lcoupling: Q, =Nz —N, mmm) =

_/l
Silica: 0.501, Sapphire: 0.51

Np my

VDM with B-L coupling differentiates mirror motion by 2%




By courtesy of /_j
Search with KAGRA KACRA

« KAGRA uses cryogenic 5
sapphire mirrors for
arm cavities, and
fused silica mirrors L
for others

Gauge field
« KAGRA can do better
than LIGO/Virgo which V¥ = Force Force
uses fused silica for alll & =) <4=)
the mirrors

B-L charge “ 1 L
Fused silica: 0.501 X
Sapphire:  0.510 DARM

photodiode' LX — Ly




Michimura, TF, Morisaki,

KAGRA'’s sensitivity to VDM oo
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KAGRA will achieve the best sensitivity to VDM with B-L coupling
by using the auxiliary length channels.




O3GK Data Analysis Underway

® KAGRA performed joint observing run in April 2020 with GEO600 = O3GK
® We have developed a data analysis pipeline to search for VDM

® Applying the pipeline for two sets of 10* sec data & working on veto analysis

10°°
. 10710,
N 10—11,
E: 10712_
é 10—13,
% 1074
-15
E 10 16_
© 10716
2 1077
] 10—18_
10719_
10—20

frequency (Hz)
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Demonstration -

Deterministic

@ 400 realization of simulated data.
(foum, Theg) = (20Hz, 3.6 x 10%s, 1.1 x 107%?),

Stochastic

@© Every time estimate the upper bound
ON €q5t and check whether €q5t S €qrye

Fraction of simulations
=
L=

@® For90%C.L., 90% of trials should

43 # Stochastic effect is crucial! i 01 0%

Confidence level




Model wave-like DM

Wave-like DM
= Superposition of many waves

: 1 .2
Wave has own velocity (v; ~ 1073) Wi = ,/mz +p; =m+ 2 e

¢(t,0) ~ X, cos(w;t + 6;)

. 1
Coherent time t = 2r/(mv?) Fort <, Emvizt o~ % <1

For t « 7, DM coherently oscillates cos(mt + 60;) + cos(mt + 65)

with random but constant amp. & phase = V2 +2cos(6; - 0,) cos(mt + ¢p)

tan ¢ = +/(sin? 6, + sin2 6,)/ (cos? 6, + cos? 6,)




Stochastic amp. & phase

For t = 1, however, the correction 1 5
: - -mvit =~-=0(1)
term in w; becomes significant. 2 T

1 1 o~
Expand around ¢ = ¢, = 7 and —muit +60; = -mvi(t—t,) +§;

absorb mv?t,/2 into the phase. < 0(1)

For t — t, « 7, DM coherently oscillates cos(mt + 6) + cos(mt + 6,)
again with different amp. & phase = \/2 +2c05(8, - 0,)cos(mt + )

‘ Stochastic behavior

tan ¢ = J(sinz 0, + sin2 8,)/ (cos? 8, + cos? 6,)




Numerlcal result -

: 2}
¥ ) t t 3
o -3t

107 107+20  107+40

mi
N

Superposition of Ny = 10* waves O(t.7) = ooN; 2 cos (m(1 + 02 /2)t +mi; - T+ ;)

t «< 1 : Coherent oscillation
t = t: Amp.& phase vary stochastically




Numerlcal result

[in preparation]

(
If measurementtime T < T,

you maybe unlucky and ®(0 <t < T) < (D)

# Risk of too tight constraint.

\_




|
I D I Of S I I l al Nakatsuka, Morisaki, TF+
[in preparation]

[ 1 Simmlation A [ 1 Simulation
—— Deterministic

—— Deterministic
—— Stochastic

—— Stochastic

T =1/10

——

20 30 10 50
P

F . ~ T ) .
ourier (I)(fn) ~ §U¢> As(fn) @exp(z@n)] , Sum it over m < 2nf,

amplitude w/ velocity distribution weight

Stochastic r? _ . o
Jariable Pr(r)dr = rexp (—3) dr. : Rayleigh distribution




Time dependence of bound

Nbin
2 345 50 100150 oy o _ T guy ] PRALTT
[T T T T T T T T T TT T o — axion m a m2 Qk’

— Stochastic o 2T 2ppm (Q/M )i
space — €DE B B
TSnoise 3m 2\/§

— Deterministic
. 2T 2ppm (Q/M)in . o (mL
)\tlme = €pe ,—Tsnoise 3m2 mL s 2 !
N L 2T 2ppm (Q/M)e — (Q/M )in|
charge — €D m 3Im2 2Lm '

For long enough data,
we can ignore it.
Currently important.

measurement time 7'/




[in preparation]

aLIGO case (T = 1day) @ oo

— teflection

—— transmission

10I—16 | 1 0L14 I 1 0L12 ‘ 1 0|_10

DM mass [eV]

We’ll apply this analysis method to O3GK data & others!




IR A
Summary

BO1: laser interferometer search for ULDM

@© Use GW observatory to hunt ultralight vector DM (B, B-L coupling)

@ Developed a new analysis method including the stochastic effect

@ Analyze O3GK data and get ready for O4 run!




Thank You!




