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KAGRA as a vector DM detector

e Ultralight vector DM
Vast discovery space (107%%2eV ~10%7eV) for the DM: 90 orders of magnitude!!

10-2%eV eV keV GeV \yimps
| | — | >
Excluded... fThermaIIy produced ‘
i | Fermionic '

v

Wave-like Particle

Pl
<«

»
»

If non-thermally produced, mp,, < eV is allowed for bosons.
—Ultralight “vector” DM is well-motivated:
ex.)Ug_. (1) gauge boson as an extension of the SM

“Vector Dark Matter Search with KAGRA -updates for O3GK data analysis-" Jun’ya Kume (UTokyo, RESCEU)



« How can we probe vector DM?

Let them couple to the SM as From tests of equivalence principle
1 1 ex.)D=B,B—1L Coupling to SM: €p < 10723
L=—7F"Fy + §m?4A“AM —epedn A,
(S. Schlamminger+ 2008, T. A. Wagner+ 2009)

large occupation number — classical wave
A = Agcoslwt — k - | with v]3¢ = 1073, k = muv K w

"dark” electric force on matter — severely bounded...
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« How can we probe vector DM?
Let them couple to the SM as

From tests of equivalence principle

1 1 ex)D=B,B—1L Coupling to SM: €p < 10723
v 2
(S. Schlamminger+ 2008, T. A. Wagner+ 2009)
large occupation number — classical wave EE—

A=A, cos|wt — k- Z] with 9%l =~ 1073, k = myv K w

"dark” electric force on matter — severely bounded... .
/ 7 _EDeQD/T
For mpy ~ 107 ~10"11 eV, <:
GW interferometer can probe further!!
— displacement due to oscillating dark force test mazs: M, Chaége: Qp
¥challenge to quantum gravity...I? (— talks from C01 group) 5x
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i — 3km almost same response
arm —

« DM search with GW interferometer

Things are not so simple...! —, differential motion
/T A =271/mv ~ 10°—10"km ) ] is quite small...
‘ ‘ | 4 | 4 )

mass (eV/c?)

Nevertheless, LIGO & Virgo are awesome! o 107 10~

S 10740 i g;c;:s correlatio B (1)’,m0de|
i W0 —— E6t-Wash
O3 data analysis: £ 10  MICROSCOPE
- BSD limits *1o0
Formy ~10712~10"11 eV, g

-
R

largely surpass existing limit!

-
-
-
-
-

frequency (Hz)
LVK Collaboration, arXiv:2105.13085
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i — 3km almost same response
arm —

« DM search with GW interferometer

Things are not so simple...! —, differential motion
/T A =271/mv ~ 10°—10"km ) ] is quite small...
‘ ‘ =) =) )

mass (eV/c?)

Nevertheless, LIGO & Virgo are awesome! o 107 10~

S 10740 i g;c;s,s correlatio B (1),,m0de|
1 W0 ——- E6t-Wash o
O3 data analysis: £ 10  MICROSCOPE
_ _ C 10-43 BSD limits +1o0
Formy ~10712~10"1 eV, [

largely surpass existing limit!

-
-
-
-
-

Why “less sensitive” 1048 }

KAG RA...?? frequency (Hz)
LVK Collaboration, arXiv:2105.13085
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« Asymmetric response to vDM in KAGRA (Y. Michimura+ 2020)

TETMY
fused Silica: sB yar  Sapphire:
M

-9 . 51
M

pick-off
port

ITMY
IT™

P\ L, ETMX

laser

reﬂsocrttlon power BS I X-arm cavity

recycling
cavity signal
] recycling
s cavity
, . CTSRM
anti-symmetric
port

| DARM channel |
0 Lvica = 6(lz — 1)
dLprer = 0[(lz +1,)/2 + 1]

S Lsper, = 8[(la +1,)/2 + L]
*for GW obs. dLparm = 0(Ly — Ly)
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« Asymmetric response to vDM in KAGRA (Y. Michimura+ 2020)

ETMY Auxiliary DoFs are useful for DM search!!
fused Silica: B va

. frequency (Hz)
_ Sapphire: 10 102 103
M = 0501 Q-0 1020 , 1 . 7
M pick-off ——= =~ (.51 N i 2
port M I o0d
ITMY — 107214 Ny i } R0
~|  1TMX~ Ly ETMX o Lo-22 Wan \
ERY (4
laser | & hH = ; X 502
reflecgon power BS X X_arm cavity c 10_23 ...........
po recycling = IR Tt i . Wh |
i channe .
cavity signl_al g 192" = = KAGRA DARM *1 year obs.
recyclin ~ g — . TN
s cavity 2P SN ~-wemuer | w/ design sensitivity
ER R s = = KAGRA SRCL
anti-symmetricE:ISRM 10-26 - — .Al.j.x.l."ary.(:h?n.n.e.l.s... m.aLlfso.D.A’.“.d..
port 10-14 10-13 10-12 10-11

| DARM channel |
0 Lvica = 6(lz — 1)
dLprer = 0[(lz +1,)/2 + 1]

S Lsper, = 8[(la +1,)/2 + L]
*for GW obs. dLparm = 0(Ly — Ly)

vector dark matter mass m, (eV)
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« Asymmetric response to vDM in KAGRA (Y. Michimura+ 2020)

ETMY Auxiliary DoFs are useful for DM search!!
fused Silica: : frequency (H
SR Y- Sapphire: } por eauentE g
pick-off M ~ (0.51 10 ‘\ E : | | ///,'/'I
port M 1 2 ! S04
ITMY — 10721 ! P
=] mMx~ Ly  ETMX ! T : 4
~ X ) oo N W i 2,7
1 22 4 v 7
laser _ 7 W % ° ' Ry l‘\ il
refleé:rttlon power BS X X-arm cavity £ 10-23] Sl & -t
P recycling S IR Tt i .
i . W channel .
cavity SIgnl_al 3 1024 : e vemonn | 2&1 year obs.
recycling - N _a? - . cre
ls “cavity d 125 h il R —-wommch |y / design sensitivity
. . CISRM 1 Auxiliary channels il :A.:.((;;ZADTR%
anti-symmetric 10-26 — ———r —
port 10-14 10-13 10-12 10-11
| DARR chiannel} vector dark matter mass my (eV)

0 Lmicu = 6(lz — 1y) At present, we've been working on

dLprer = 0[(lz +1,)/2 + 1]

0Lsrcr = 6[(lz + 1y)/2 + 1]
for GW obs. 6 Lparm = 0(Lg — Ly) > Pipeline construction & KAGRA data analysis

> Refinement of the vDM formulation
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Statistics of ultralight vector DM

« Stochastic behavior of ultralight DM

superposition of partial waves:

\m H‘ o M

g g " v"’w\r‘ h
@(t ) — O’¢N / Z COS 1 _I_ ’U2/2)t _I_ m’Uz .’,U _|_ 9 ) x”'\'WI I F‘W"‘ H‘ i
=1 ‘ .

— neither monochromatic nor coherent!!

coherence time:

2 10-13 eV
r= """ ~0.3 day -
Tmwuv m™m
. —13 fDM
m=4.1 x 10 eV(102Hz)
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Statistics of ultralight vector DM

|||||||||||||||

« Stochastic behavior of ultralight DM

superposition of partial waves: W'IM W’” |
i HH
\} (M il 1 I l!‘ ’ H‘
<I>(t ) =0y N 1/2 § :COS 1 4 v2 /Z)t 4+ mvz 7+ 9) ,W,, N\ 4 ‘I}WWW H\ ’

=1
— neither monochromatic nor coherent!!

coherence time: \ \ O(t) /oy — ¢olt)/oy — 6o(t)
2 10713 eV For At « 0o 2 2 10
S OB T T LN
muv m ~const. amplitude & phase \ /
. f i
m=4.1x10"" eV(logﬁZ) — affects DM search!! 1VV\/\/\/\]U\/
ol J
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e Effects on scalar DM search

le—24

o< d(t) —~ imP(fy)

ex)Axion search (cf. DANCE experiment)

Fourier transform of the field over T

~

P(f)~ ga(p \'_/As(fn) [% exp(z’ﬁn)l

0,,: uniform dist,

broadened spectra _ _
due to velocity dispersion  1,: Rayleigh dist.

—random amplitude

(3% summation of the random phase — 2d random walk)
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o< d(t) —~ imP(fy)

le—24

mv

le—45

e Effects on scalar DM search
ex)Axion search (cf. DANCE experiment)

Fourier transform of the field over T

~

B(1) oo VAL ||

0,,: uniform dist,
broadened spectra

due to velocity dispersion  1,: Rayleigh dist.

—random amplitude

(3% summation of the random phase — 2d random walk)

For T < t (lighter mass w/ fixed T),
randomness of amplitude loosens bound!

(e.g. G. P. Centers et al. 2020)

— How about vector DM? &
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—— reflection
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« [Interferometric signals from vector DM (Nakatsuka+ 2022)

—

AT C'Z- - Spatial variation of DM field value:
1k t,Cj o 2e€ M 1n
L QD( ) c 5Lspace . D(Q/ Zekejv Ak )
| : round-trip time T..
| o(t, €)
Vol oo
- (t)</_ """"" *ﬂ (0 - Light travels finite time: (Morisaki+ 2021)
Lin < >Te
. - 4€€D(Q/M)1n . 9 mL 0
o plt,) = ot d) Phtime = ===t (77) g 2 enult = 1.0
output: h(t) —
4y L
phase: - Asymmetry in charge-to-mass ratio: < as KAGRA
w(t,€) = o + 2mv(t — 2L _ .
(¢ ) ( ) 5Lcharge ~ 266D((Q/M)62 (Q/M)in) Q ZekAk(t — L, Le)
m ot

- 27”/(5Ltime T 5Lspace T 5Lcharge)
— dominant for lower frequency
— 3 contributions from vDM!!
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« [Interferometric signals from vector DM (Nakatsuka+ 2022)

> e e Scharge ~~°°7 Sspace ] o )
. S - Spatial variation of DM field value:
10k .~ .
26€D(Q M
7 if monochromatic & coherent - 0Lspace / m Zekejv Ay (t )
% 0.100 - ]
T ;
5 0.010¢
= . - Light travels finite time: (Morisaki+ 2021)
@ THXUE
g E
. 466D(Q/M)in . mL 0
10 - O Ly; ~ sin? | — ex Ap(t — L,0
: time 2 9 815 Z k k( )
o 1I(I)l‘4 - 00IO1 - 00I1O | 01,00 | 'II T ”1”0 | 100
_ mL
prdse. - Asymmetry in charge-to-mass ratio: < as KAGRA

2eep((Q/M)e — (Q/M)in) 0O

o(t, €) = o + 2mv(t — 2L)
( ( 5Lcharge o~ a Z 6kAk(t — L, Lg)
k

- 27”/(5Ltime T 5Lspace T 5Lcharge) m?
— dominant for lower frequency

— 3 contributions from vDM!!
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« [Interferometric signals from vector DM (Nakatsuka+ 2022)

> e e Scharge ~ 7777 Sspace
. : il - - Spatial variation of DM field value:
10
2eep(Q/M); 0 —
7 if monochromatic & coherent 5Lspace ad (m2/ )mL py Z ekejVjAk(t — L 0)
% 0.100 - k.j
T ;
5 0.010¢
= - - Light travels finite time: (Morisaki+ 2021)
2
W0 . 4€€D(Q/M)in . 9 mL 0
10 5Lt1me ~ 2 sin - ) o Z erAx(t — L 0)
10_518‘4 - 00IO1 | 00I1O | 01100 | 'II T ”1”0 | 100
/ Stochastic behavior + gradient - Asymmetry in charge-to-mass ratio: < as KAGRA
~ T
_ 2ee M e = M in 8 —
ApFr0) = 5oav/BT) 2 exp(ih.n) 5 Leparge ~ 260((Q/ 7>nz (Q/M)in) g ;ek Ap(t — L, L&)
ViA(fn,T) = %aAmTJ Aj(fn) \/_ exp (10, n) — dominant for lower frequency
\ 7=0
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« Stochastic behavior of vector DM (Nakatsuka+ 2022)
Fourier component of the signals:

st = (o1 (§), 0 (%) 8) oD [% )
T v?) % VA | Ty et

Seharge (fn) = (eeDT l (%) ) (%

Same factors as the scalar signal appears

D(f) %a(p v As(fn) [% exp(iﬁn)]

— unified treatment in data analysis

0,,: uniform dist,

1,: Rayleigh dist.

Spectral shape

¥ Our code is applied to DANCE analysis (cf. talk by Y. Oshima)
— arXiv:2303.03594
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e Stochastic behavior of vector DM  (Nakatsuka+ 2022) Bow
For spatial contribution: S T J\

Q OAV

samaf) = (ceo (32) 78%) % \/Aull) + Ald) [ D exp )]

d = (0,1,0)
¢ = (1,0,0)

(The sun)

*

[vj(fny gl)]2

1—)2

fntAf/2
A = /f v2j—;df / 820, % foum(3(f, &) + o)

: linear comb. of A () (€; L ) and Ay(fy) (€ Il ) 140
— broader spectra than Ag(f,) 3 :Z
P3 Aj varies due to the rotation of Earth (e.g. Lisanti+ 2021) i Z:
— For longer T,s, directional dep. needs to be averaged. Y
On this basis, pipeline is under construction! o:o:‘*

“Vector Dark Matter Search with KAGRA -updates for O3GK data analysis-" Jun’ya Kume (UTokyo, RESCEU)



Contents

mu O1 »wm 02 == O3
2023-01-21
80 100 100-140
Mpc Mpc Mpc
LIGO
>KAGRA as a vector DM detector .
30 40-50
1 Mpc Mpc
Virgo REEEE

> Statistics of ultralight vector DM

G2002127-v18 2015 2016 2017 2018 2019 2020 2(

> Status of pipeline construction
real data analysis is ongoing!

>Summary
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Status of pipeline construction

« Search Method UK+, LVK in prep.) K: 0(1) const.
Narrow band signal — collect spectra at ma < 2wfi, < ma(1 + kvd,,)
4)d(fr)|?
— Detection statistic: p = d(fk) 4
Tobs Sn(fk) 10-46
Sn: Power Spectrum Density -~ w
T,,s: Observational time T
= 10-%
: : 2 : S -52 |
For Gaussian noise, p obeys y3y,  dist. 10

107 1

when there is no signal. (N,;,: number of the bins) — data

10-3% 4+ — running-median

0 . 2 ., E0 102 10°
95% upper limit of XoNyi 2% FAR. Frequency (Hz)

Spectrum of mock data
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Status of pipeline construction

e Search Method UK+, LVK in prep.) x: 0(1) const.
Narrow band signal — collect spectra at m4 < 2nfr <ma(l + Kv%Hyy,)
4|d(f)|?
— Detection statistic: p = [d(fk)
TobsSn(fk) 2000 - —— observed
S,,: Power Spectrum Density —| threshold
T,ps: Observational time 1500 -

: : : Q. 1000
For Gaussian noise, p obeys X%Nbin dist.

when there is no signal. (N,;,: number of the bins) 500 {
0.

95% upper limit of )(zszin_’ 5% FAR. 0 200 400 600 800 1000
Frequnecy (Hz)
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e Calculation of upper bound

We’'ve derived the likelihood function:
Nbpin
w

- P
L(p{In}) = zn: 2(1 + \2) N (—2(1 + )\%)>

— Marginalized over the random amplitude

o — Nbin 1 + A%’
n — 2 . 2
n’ (#n) An = A

— numerically unstable for not so large Ny;,,...

Observed p — 95% upper limit on the amplitude
fpoo L(P|/T;?5%)dp = 0.95. — translation into ep>”

obs
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(Nakatsuka+ 2022)
2T 2ppm (Q/M)in . > (ML
VTSnoise 3m? mL 2 ,
X e 2T 2pDM (Q/M)in’lj
e P eV 32 32

N — epe— 2L 2ppm |(Q/M)e — (Q/M)in|
e \% TSnoise 3m? 2Lm .

/\time = EPE

le—24

3.5 - —— Deterministic

——— Stochastic
3.0 1

251 95% upper limit

2.0 1

h95%

1.5 1
1.0 1
0.5 4

0.0 -

102 e
Frequency (Hz)
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e Current status of the pipeline & analysis estimated noise spectrum for O3GK
. —_ -11 I
Veto procedure: LE 1212 j [ preliminary
v Width of the peaks £ 10_13‘
v’ Coincidence btw. several segments £ 1071 | "
g 10-15, |
. . 8 10-16
Upper limit calculation: @© —— DARM
_ _ Q 10774 —— MICH
v'time & charge — implemented 5 10-18 ||— PRCL
spatial — being improved (directional dep.) 10° 10 10°
Frequency (Hz)
(MICH, PRCL — almost OK, DARM — on going) JEUREI—.
T 10~ S
. = 10715 \:\ \\
Test run: most stable segment in O3GK (~7 hours) 3210_16_ t II——
— incoherent search w/ 30min. segments TN l = e
> 200 segments are now available!! § 1014 RN ; —
10-20 E LT TION | S

101 102 103
frequency (Hz)
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« Publication plan and future study

0.7 1-3 =10 =10

KAG RA Mpc Mpc Mpc Mpc

| 036K By

G2002127-v18 2019 2020 2021 2022 2023 2024 2025

0O3GK data analysis (present) — Circulation in LVK (~June 2023) — Publication

- Stochastic effects are properly included
- MICH, PRCL

- DARM — our code may also be applied to O4 LV...?

|:> Improvements of the pipeline (Towards O4)
:> 04 data analysis — (Part of) LVK DM paper?
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Summary

« GW interferometer can probe Ultralight vector DMs.
KAGRA'’s auxiliary DoFs are useful especially for Ug_; (1) boson!

« We have refined formulations of vDMs, taking into account statistics.

Pipeline is being constructed based on it (e.g. likelihood function).

Future sensitivity of experiments are also estimated in Nakatsuka+ 2022.

e Test analysis has been performed with a single data segment of O3GK.
We are now extending the method to deal with multiple chunks.
Publishing the results — by the summer of 2023.
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Sackup slides
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« O3GK KAGRA data
During April 7-21 2020, KAGRA conducted its first scientific observation
(in conjunction with GEO600 — referred to as O3GK)

While the SNR o T1/*

obs’

TAMA (2008)
CLIO (2010)
——— iKAGRA (2016)
—— bKAGRA Phase 1 (2018)
——— FPMI (Aug 2019)
—— FPMI (Nov 2019)
—— FPMI (Dec 2019)
~—— PRFPMI (Feb 2020)
—— PRFPMI (Mar 2020)
—— bKAGRA Design BRSE
= HKAGRA Design DRSE
mm O3 target (8-25 Mpc)
04 target (25-130 Mpc)

the observation lasts for two weeks.

not so long... @
(3¢ 1yr. assumed in Michimura+ 2020)

Sufficient sensitivity to vDM
is not expected with the latest data...

— demonstration & playground towards O4
DARM is also analyzed.
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About KAGRA

O3 of LV was

« Towards O4

KAGRA is now in the update stage
to join O4 with

-Dual-Recycled FPMI

-high power laser

-Refurbishment of the suspension

-operating temperature ~20K...etc.

LVK O4 is now planned
to start from ~June 2023.
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L due to COVID-19

shortened for 1month

:
B

ma O3 == O4 == O5

110-130 160-190
[ Mpc
|
ﬁ:
-
50 90-120
Mpc Mpc

mm O1
l\1/100
LIGO i 9
/\;0
Virgo i
KAGRA
LIGO-India [

Joint obs. with GEO600

03GK

Target

330 Mic

150-260

130+

Target

330 Mic

1 ] T 1 L) Ll I L] I T
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

arXiv:1304.0670
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https://arxiv.org/abs/1304.0670

KAGRA and its auxiliary channels

« Advantage of KAGRA in DM search (Y. Michimura et al. 2020) ETMY
AUX|I|ary channels:
dLpRrcL, = 5[(lm + ly)/2 + 1] P oy
§Lsrer = 6[(lx + 1) /2 + 3] L S ETX
Due to the charge difference, ot re%%f;g > X-arm cavity
displacement becomes asymmetric!! vy roeonimng
ls cavity

Lam Uk ly lp ls L I anti-symmetric =3 SRM

KAGRA 3000 26.7 233 66.6 666 19.5 19.4 P e e——

OLDARM = (S(Lgc - Ly)
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KAGRAand its ", h

~ — — 10~° difference...

« Advantage of KAG @s-Q _ Np-Ny 1 _ Silica: 0.501
M Np mp Sapphire: 0.51
For Ug_; (1) model, Y.
frequency (Hz) frequency (Hz)
101 102 103 20 10! 102 103
=20 o 1 1 1 = . L 1 .
10-21 — 10720 NG E 1 | o
— 3 | i \'.‘ ;,I| ] //,/,,,/
w 1022 ﬁ 1022 _\\ \\:-':, \ : //,/,/
o) o S n
£ 10-23 £ q10-23] T4l
5 - = A
] 2 GW channel
@] _ - s
G 10724 ; Z I camon 8107244 ICROSCOPE (== kagra oae
o s ] = = KAGRA PRCL ;.3' ] \_z/,’ \ = = KAGRA MICH
-25 ] — -25 ]\ S
10724 - o 107254 - S oaune
] = allGO 01 ] Auxiliary channels su=:1 3LIGO DARM
10-26 T T T T T T T LA B B B L | T 1 T T 10—26 T LI B B B L | T L B B B N L | T L B B L
10-—-14 10-—-13 10-—12 10-—11 10—14 10—13 10—12 10—11
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About KAGRA
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