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(a)
1 minute summary P

© Introduction to dark matter SN Y et

Q)
* NV center is a lattice defect in diamond

» Used as quantum sensing device
* Measurement of electron spin

* Control on electron/nitrogen spins

NV I [117] L. M. Pham ‘13

@
* With electron spins

 (Dark matter-induced) B-field

®
» With nitrogen spins

 Dark matter-nuclear spin interaction
* Comagnetometry
* Hybrid dynamical decoupling
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https://www.kuicr.kyoto-u.ac.jp/sites/topics/250516/

Dark Matter as a hint of new physics

Observations
_from starlight

Velocity
(km s-1)

Expected from
the visible disk

—~
—
o —

20,000 30,000 40,000

Distance (light years)

Knowns Unknowns
* DM existence, abundance * Mass
« Has gravitational interaction * Non-gravitational interactions



Mass scale of dark matter

Small scale
structure WDM bound Unitarity bound

1022V 1 keV 1 GeV 100 TeV 10M¢

Ultralight bosonic DM ™ #iaht_ DM WIMP PBH, etc.
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wave-like particle-like

» Classical wave-like dark matter (axion, dark photon) has 0(102") mass spread
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Wave dark matter

» Assumes coherent oscillation:
* DM energy stored in field oscillation
« a(t) = aysin(mygt —myv, - x + 8)

_1 2 2
* Ppm = ;MgAg

a
_ o a(t) = aycos (myt —V, - X + 6)
 Coherence time of oscillation
A 10710 gy
o TDM ~ M 75( ) \
Vg mg < =
21 a(t) ~ a,cos (mat -V X+ (5’)
ADM ~ m.v
a¥a
/

So Chigusa @ The Frontier of Particle Physics S




Wave dark matter signals at direct detection

« Coherent oscillation leaves interaction-dependent signals on direct detection

a(t) = ay sin(myt —myv, - x + 6)
Example: axion-fermion interaction

2 ga)()(—)(y Vs X

x=enp,:
* Non-relativistic limit of the interaction
Jayy= =
x _ Yaxx
Hee = m, Va - S,

« Can be interpreted as an effective magnetic field acting on fermion spins

= Y
V)(Bé(ff =/ 2Ppm anX Upm cos(mgt + &)

and similar (but different) interactions for dark photon...



Wave dark matter signals at direct detection

« Coherent oscillation leaves interaction-dependent signals on direct detection

a(t) = ay sin(myt —myv, - x + 6)

Example: axion-fermion interaction

J,a _
L = 2 Z—XV”st
* Non-relativistic limit of the interaction
Heff = Va - S

« Can be interpreted as an effective magnetic field acting on fermion spins

Bl = ,/ZpDMTﬁDM cos(mg,t + 6)

and similar (but different) interactions for dark photon...



(D NV center in diamond
(a)

NVII[111] L M.Pham<13

* A stable complex of substitutional nitrogen (N) and vacancy (V) in diamond
* The charged state NV~ has two e~ s localized at V
* The ground state: e~ orbital singlet, spin triplet (5=1)
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Fluorescence measurement . 1600-850nm

3E _—

1
Dielectric Aq T
/ reflector h Colored 532 :
o Light pipe nm i
ITIR '‘gnt pip glass filter !
Diamond £ns l i
1E _4 i
SifC 7 y
wafer AN /’
532 nm 3A, 11/ 1D D ~2.87 GHz
excitation
Photodiode
\ )\ | ms — 0
J. F. Barry, etal. ‘23 \J "/

J. M. Schloss, etal. ‘18
* Fluorescence measurement offers access to the mixing angle of the spin state
0 )
W) = cosEIO) + sin— | +)
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Rabi cycle

« Spin manipulation by transverse field
§1 = B{y sin(2mrft)
* The mixing angle can be controlled

|Ww(t)) = cos (@> |0) + sin (@) el?|+)

2
6(t) = V2y,B;t

 Bloch sphere representation
maps 6 to polar, ¢ to azimuth angles

So Chigusa @ The Frontier of Particle Physics
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@ Free precession

* Prepare the state on the x-axis

1
[¥(0)) = \/—E(IO) +[+)

» Signal magnetic field B,, generates
relative phase difference

(@) = %(m + o] 4))

(P(T) = Ye fOT dt Bl%M(t) = VeBgMT

So Chigusa @ The Frontier of Particle Physics

Free precession

1
E(I()) +]+)

1 .
N (10) +i|+))
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Ramsey sequence

Detection protocol for DC signals

1. (m/2), pulse

2. Free precession for t

3. (m/2)4 pulse

4. Fluorescence measurement

» Signal estimate S = %(wfm_lazlz/)fm_) o< (1)

1t~ T, ~ 1 us:spin relaxation (dephasing)

So Chigusa @ The Frontier of Particle Physics

First /2 pulse
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Sensitivity on axion DM (DC)

Frequency m/(2m) [HZz]

mHz Hz kHz MHz GHz
1072

1073
1074
10-5
106 4 LT Y ke
1077
10-8
o 107 =1yr
© 10710 N = '
10—11
10—12

10713 === === mmmm s s s m oo mes ']_'g(_ """""""""""""""""""""""
1014 N =
10—15

107 XENONNT ol
1077 ¢ ---- red giant %

10—18
108 10-%Y 10716 1015 107'# 1073 1072 107! 107%° 10° 1078 1077 10°® 10°° 10°*

m[eV] SC, etal. [2302.12756]

* (Roughly) universal sensitivity to the dc-like region m < 27/7; ~ 107% eV
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Spin echo sequence for AC signals

First n/ZZpuIse Hahn echo for ac magnetometry

0)

z
BDM

s .

pulse

yz pulse Yn pulse Xz pulse

0 1/8 71/4 318 712 518 3T/4 71/8 T
time

c (1) = fOT/Z dt BE,,(t) — fTT/Z dt B, (t) is targeted at the frequency ~ 1/71

So Chigusa @ The Frontier of Particle Physics: Exploring ... Quantum Science ... (6/17/2025)



Longer relaxation time, dynamical decoupling (DD)

Init /2 . 1/2 Readout

(a) < , , , , >

.
>

T

() [ | . |
ORI N 2= I I A N Al
OIS S T T Y I O

>

time t’

\

\/

FIG.5. Pulse diagrams for dc and ac sensing sequences. Narrow
blocks represent z/2 pulses and wide blocks represent 7 pulses,
respectively. t is the total sensing time and 7 is the interpulse
delay. (a) Ramsey sequence. (b) Spin-echo sequence. (c) Carr-
Purcell (CP) multipulse sequence. (d) PDD multipulse sequence.

Degen, et al. “Quantum Sensing” ‘17

* No dephasing from dc fields * Even longer T, with DD

* Relaxationtime 7, ~ 100 us »> T, ~ 1 us
So Chigusa @ The Frontier of Particle Physics: Exploring ... Quantum Science ... (6/17/2025) 17



Sensitivity on axion DM (Spin echo, DD)

Frequency m/(2m)[Hz]
Lo E | ...I|.I.(.||—|Z o w MHz GHz
10742 \
] —— T=50ps, T,=100pus, N;=1
—— T=50us, T, =100ps, N; =63
e e e hee | aee | a0
m[eV]

* Pros: better sensitivity at target frequency ~ N, /T, ~ N; X 10 kHz
» Cons: (relatively) narrow-band search
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® Full control of nuclear (**N) spins

..................... _ | — 0)
I | O] + A,
. . | B + > 4
* Hyperfine interaction between A ~ G(GHZ)
— 14 : _ ~ //
e” and N SpINS (I B 1) Dutt, et al. Science (2007)
— Neumann, et al. Nature (2010) A—A
thp. A”SZIZ van der Sar, et al. Nature (2012) ”
v
, 100)
« Causes hyperfine splitting of | | | Q| ~ O(MHz)
energy levels [SL) = [04)  ————eenefenns

* Full control on two-qubit system
of e~ and **N spins available

So Chigusa @ The Frontier of Particle Physics 19



Full control of nuclear (**N) spins

....... I|Q|+A” _ r\_ 0)

| —+) N MW
A ~ O(GHz)

« Hyperfine interaction between

— 14 . —
e~ and °N SpINS (I _ 1) Dutt, et al. Science (2007)

= Neumann, et al. Nature (2010) A—A
thp. A”SZIZ van der Sar, et al. Nature (2012) ”
; 00)
« Causes hyperfine splitting of | Q| ~ O(MHz)
|S.1) = |0+) LA S
energy levels z'z
» Full control on two-qubit system |€) R,(0)

of e~ and **N spins available

14
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Full control of nuclear (**N) spins

- +)

« Hyperfine interaction between

— 14 . —
e~ and °N SpINS (I _ 1) Dutt, et al. Science (2007)

H = A.S.] Neumann, et al. Nature (2010)
hyp. 1=z "2 van der Sar, et al. Nature (2012)

« Causes hyperfine splitting of
energy levels |S.L) = |0+)

* Full control on two-qubit system
of e~ and **N spins available

So Chigusa @ The Frontier of Particle Physics

..................... | = 0)
I | O] + 4
A
A ~ O(GHz)
A—A
100)
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General manipulation and read out

. / \repeat

] Uy us usj Uy |
’ L L E 0,) {F =

] Vi | Vo U Vs Vg i

ot P )

AN /
Vidal & Dawson, PRA (2003) Neumann, et al. Nature (2010)
» General SU(4) with < 3 CNOT gates * Precise measurement possible
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Harmonic Oscillator Spin-Orbit Potential

Axion interaction with *N spin N o spnowi 5 Nag
qs I .
“Introductory Nuclear Physics” by K. S. Krane _9 é% e : 58 184
6 T “i“”ﬂ_
 Axion interactions with L 3 f,“'iapm _
« Orbital angular momentum: None s 1 x 2 =2 44 126
72
* Neutron spins X g nn s :*’—1:9“
11,2
* Proton spins « g, 4 Z z s 32 82
L 2dr
g . _H_H_—zdi"-z -
 Need to understand composition of **N spin ™ s 19 __gp—
 Odd-odd nucleus 3 1 %P ) so

1pip T : ‘|'
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Sensitivity on axion-nucleon couplings

Frequency m,/(2m) [Hz]

uHz mHz Hz kHz MHz GHz

10! Wrr i
1 A

_1]

1/f,[GeV

S Tay=2T=7.25ms

10722107211072010-1910-1810-1710-1610-151071410-1310-1210-111071° 10~ 10~¢ 10~7 1075 10~5
m,[eV] SC, et al. [2407.07141]

 Benefits from a long coherence time T,y ~ 7 ms
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(4 Recap: comagnetometry

K Droplet

« Comagnetometry
* Provides noise mitigation
using two spin species

* Suitable for probing exotic
spin interaction like axion
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« Ex) Mixed gas of K- *He

T. W. Kornack and M. V. Romalis ‘02
G. Vasilakis, et al. ‘08
J. M. Brown, etal. ‘10
J. Lee, et al. 18 and more

. Bloch, et al. JHEP (2020) 167
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Comagnetometry protocol

e) X Ry HRY? H7A

T/2 ¢TN
IN) 4 R}/* H R~ =%

* Fine-tuned choice of free precession times lead to noise cancellation
Ye
VN

TN

* Pfin. = ¢1’N + (pre = )/eBZTN + )/NBZTe requires — =

Te

 Axion signal remains the same order

Yaee pz 1{9ann , Yapp Z
¢ Ven X Bi{yt, +=|=—/+—= ) BjytT
Pfin. m, “DMte 6( o, m, ) DMIN



102

Sensitivity recovery by comagnetometry
* Assumed a white noise + 1/f (pink) noise e

Frequency m,/(2m) [Hz]

HHZz mHz Hz kHz MHz GHz
101 E
100 3 —— M=10%, tops=1yr
10_1 é - M = 1020, tobs = 1y|"
10724 N-Ramsey
1033 mixed DD _
Lot ] T Current constraints A4
— E J— Prospect 3 i .l
o107 g e
% 1076 L
9. 1077 ; ;Y..‘
© 3 '
= 1078 o
— 3
10~° E
noise cancellation 1074
10711 4
10712 —
10—13 ;
10_14 ] TTTImy T Ty T Ty T TTTImy T Ty Ty Ty Ty T T T TTimmp T IIII.I.I.I;II.;Illlll T Ty Ty T 1T, T T T T T
10722107211072°107%°10-810-171071010-210"*10"*310712107107° 107° 1078 1077 107°% 107>
m,[eV]
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102

Sensitivity improvement by hybrid DD
=
. . . — 14 . < 10
* Realize DD-like sequence with both e™ and “°N spins
1005 1o 1o wl[?-;)z] 100 102 10°
repeat n times Frequency m,/(2n) [Hz]
UHz mHz Hz kHz MHz GHz
10! g
| p/2 Pre /2 L < 100§ —— M=10%, tops=1yr
e) Ry R, RY A i R
1072 4 - N-Ramsey |
& 10-3 _ ---------- mixed DD . 4
’N> RZTN — 10_42 ——————— Current constraints 5 Jﬂl
‘_I"_I Los z ............... Prospect o
> 107 ] .
. . © 10 E R N
* Pros: longer relaxation time as for DD e
S T
* Pros: broad-band search of axion signal = w1
107
- Need more detailed (experimental) N et
studies to determine relaxation time ARV, HEN SRS S . s e
10722107211072°1071°1071810717107%610-1310"1410°310712107111071° 10° 1078 1077 107° 107>

m, [eV]
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Our experiment Now LeRre¥

FY22 FY23 | F%I Fvas | Fy2e FY27
——

NV diamond/Firstidea &
Theory [1]

Experlme nt (6N

Institute for Chem\ca\ Research (Inorganic Photonics Materials lab.), Kyoto University

NV centers MIZUOCHI Laboratory

Lclser. o ®
’ Cryogenic experimental it Accuracy
\\\ N setup " i improvement
Mlcrowaves ew Qw & el
fields s
() Asin@rft+¢)+0 (@ Lases NVdiamond _ _  _ Asphericlenf=50

—

o
wn

= Polarization Readout

Area measured
by subsequence

.y (arb. units)
o

05F 1 I :
\ 1' i b ’ I — (d) Histogram data
(c) ! ' ' ' i ' i ! ! }
J ] 1 ' ¥ ' $
1 '—:—I —_— et Yy — — e — | — e ———— ——— — ——— —
P %. 1 & A e
O l
e - :
§o——+——
o v ! s
-~ R — e T e I
) yw—{’ s
Yo I L L
0 to t1 1‘2 13 f4 10 s 7 1 20 30 40 # (arb. units) f—
t (ms) P|n hoIe 0.2 mm : -
S i b= : : N Pm hole¢ 1mm
Long pass (OD4x3 filter) Achromatic Doublet f =100

Our approach on statistical treatment: s AsphencLenfars
“Standard deviation quantum sensing” + CMOS camera

E. D. Herbschleb, SC, et al. [APL Quantum 1, 046106] Experimental setups @ QUP/KEK (Image credit: Prof. lizuka)
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Discussions and Conclusion

* NV center magnetometry provides opportunities to explore DM signals
* Over broad frequency range
* Through various different spins

« DM-specific protocols can be considered for further development
* Nuclear spins
e Comagnetometry
* Hybrid dynamical decoupling for broadband sensing

« Setting up an experiment at QUP with NV + cryogenic

30
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Data analysis with PSD

- Dataset {S(tj)}j=1 , for repeated meas.

» Power spectral density (PSD)

1 iwg(t—t'
P, = —j dtdt'e N (S()S(t))
tobs
_ 2K =0, N—1
0)k: — ]V“[ (: - ) "y )

—zz 1 By 1 1+S" 2.71
1= S +B.) B. )|~~~

95% exclusion limit
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PSD (a.u.)
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Axion DM parameter space

Axion decay constant f [GeV'1]

107

10"

1078

10°°

10- 10

10—11
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10-13

10—14

Temperature - dependent axion

SuperMAG ABRA

SHAFT CADABRA
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Fermi - Extragalactic SN

Fermi

NuStar Super star clusters MWD Pol.

SN1987A

Chandra NGC 1275 and H1821 +643 ®%
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Storage rings

Superradiance

1010 10°8
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10°"% 10"

X /40

mass with y=8.16
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TOORAD
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N MaDmAX
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1076
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Shielding effect
< >

Conductor

/

Dark photon

» Electric interaction of the dark photon creates current in the conductor and
induces a magnetic field B

ind

> The effective magnetic field may be canceled and “shielded” if iy, > L

S. Chaudhuri+ [1411.7382] “DM Radio” paper
X /40 4/19/2024 So Chigusa @ University of Minnesota



Sensitivities on dark photon DM

» DC magnetometry » AC magnetometry

1071
10—15

10~
10—15

Frequency m/(2m) Frequency m/(2m)
mHz Hz kHz MHz mHz Hz kHz MHz GHz
1072 ¢ R o o 1072 g T b
10-3 1: 1073 é
1074 4 104 4
10> 1: 1073 é
10-° 1: 107¢ ;
1077 4 1077 4
1078 4 1078 5
1079 4 ) 107 4
10710 4 10710 4
w101 ] H ‘ l w10 ]
10712 10712
10713 - 10713 -

10-16 ’ Qbs < 10716
ZJ/r
10—17 10—17
10-1s I DP DM Searches 10-13 I DP DM Searches
10719 DP DM Cosmology 10710 DP DM Cosmology
10720 T TTTTIT T TTTTmT T TTTTT T TTTTT T Ty T TTTTIT T TTTTIT T TTTTIT T TTTTy T TTTTy T TTTTy T TTTTmT T TTTTmT T T TTTTm 10720 T TTTTmy T TTTTmy T TTTTmy T 1Ty T 1Ty T 1Ty T Ty T Ty Ty T TTTTmy T TTTTmy T TTTTmy T TTTTmy T T TTTI|
10718 10717 10716 10-15 10-4 10713 10-12 10-!! 101 10°° 10°® 107 106 1075 107* 10-18 10-17 10716 10715 1014 10-13 10-!2 10-1! 10°1° 10°° 108 107 10°® 10°5 10°*

mleV] mleV] SC+ [2302.12756]
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AXion-“N Interaction

> A little algebra of spin synthesis
(21,®3)) ® (21, ®3)

= (210® 431) ® (210D 430)

= (1, ®[3

1

int

» Hy=7,B-S,+7,BY-S,

= }/14N§)Q . 7+

|
m_

6

‘

a

(

®(3,05)0(3,05) D (1,03, 85,0 7;)

m, m,

8ann n gapp) ///

P

X /40

.
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Constraints on g,,,and Yapp

Frequency m,/(2m) [Hz] Frequency m,/(2m) [Hz]
uHz mHz Hz kHz MHz GHz HHz mHz Hz kHz MHz GHz
10! % 10! 4
1007 —— N=10%, tops=1s 1004 —— N=10%, typs=1s
1001 ] —— N=10%2, tops=1yr 10014 —— N=10%2, tops=1yr
10-2 .; —— N=10%, typs=1yr 1072 -; —— N=10%, tops=1yr
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041 Combined (prospect) 041 Combined (prospect)
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Hahn—-echo sequence of “Nspins

> I, ~9msis observed Aslam, et al. 17

Frequency m,/(2m) [Hz]

uHz mHz Hz kHz MHz GHz

Combined
Combined (

[GeV 1]

1/f,

10—10

10711
10—12

10—13

Toy=2Tt=10ms

10_14 LU L B 0 LB 1 1 LI L B L L B B R R R R
1072210-211072010-1910-181071710-1610-1071410-13101210"1110-1°10"° 1078 1077 107% 107>
m,[eV]
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Single-qubit model with random noise/signal

*H=2f(t)g(t)8,

 A: noise/signal amplitude

* f(t): normalized random function with (f(t)) = 0 _
Dephasing oc e ~(Te/Tze)
* Model of relaxation process: {f(t)f(0)) = e~ It/ ‘ e

* External noise: {(f(t)f(0)) = | Czl—j:e‘i“’t P(w) Te CTc <y
 Axion signal: (f(t)f(0)) = cos(mgt) ©(t, — |t]) \
« g(t): filter function

« Ordinary magnetic field: yyO(ty — t) +y,0(t — Ty)

Successful noise cancel
(next slide)

. . 1 Yaee
« Axion signal: 3_fa®(TN —t) + - O(t — Ty)

e
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