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Challenges in DM direct detection

* Faint signal < Need high sensitivity
* Wide mass range < Broadband approaches are desirable

QCD axion WDM limit unitarity limit

102 eV Emy keV GeV  100Tev My, 10 M,
3 i f | —— —

“Ultralight” DM “"Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, et)  h15ck holes

non-thermal dark sectors
bosonic fields sterile v
can be thermal Credit: TASI lecture by T. Lin



Challenges in DM direct detection

* Faint signal < Need high sensitivity

* Wide mass range < Broadband approaches are desirable

QCD axion WDM limit unitarity limit
102eV  SEmi keV GeV 1w00Tev M 10 M
T i f I I | -
1/yr 103 THz

““Ultralight” DM “Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, et)  h15ck holes

non-thermal dark sectors
bosonic fields sterile v
can be thermal Credit: TASI lecture by T. Lin

Ex) Axion-induced §eff
a a _ - -
« L= gafszTffV“st © Hepp = VrBett - 55

- daff -»
* YrBetr = ZpDMm_];vaM cos(mgyt + 8)
3



Challenges in DM direct detection

* Faint signal < Need high sensitivity

* Wide mass range < Broadband approaches are desirable

QCD axion WDM limit unitarity limit
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Ex) Axion-induced §eff
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Can we consider DM-specific
“guantum sensing protocols” to
overcome these challenges?



NV center in diamond

(a) L. M. Pham ‘13

A 1
NV I1[111] K ,ﬁ“ &V

* 2-qutrit system made of
e~ -spinand **N-spin

Image credit: press release from Kyoto University



https://www.kuicr.kyoto-u.ac.jp/sites/topics/250516/

Quantum sensor requisites: measurement & operation

| 600 — 850 nm
3E |

* Fluorescence -, * Rabi oscillation

measurement

e ——————

4 m, =+1 D) JeB
—‘< h
1E / mg = -1 ge;jB
4
J. M. Schloss, etal. ‘18 R
3A, 11) 1Dy D ~2.87 GHz
—
Dielectric \ v m, =0
/ reflector N Colored K j >
Light pi
TIR SNEPIPE glass filter Micro/Radio wave
Diamond /Iens i \A
Sic
warer
532 nm .
Sazom /' J. F. Barry, etal. ‘20

Photodiode

J. F. Barry, etal. ‘23
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lllustration by Bloch sphere

* A qubit state = A point on Bloch sphere

9 0
W) = COSE|O) + 51n§el¢|+)
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Ramsey protocol
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Ramsey protocol
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Ramsey protocol

(a) Ramsey
532 nm -
1t/ /2
MW
Read L

J. F. Barry, etal. ‘20

9) 4 Ry (H Ry HRY? H~~
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Ramsey protocol

(a) Ramsey

532 nm -
1t/ /2
MW

I

Read

J. F. Barry, etal. ‘20

lq) 4 RY*H RS

RY?
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Ramsey protocol

(a) Ramsey

532 nm -
/2 (/2 S
MW |

Read L
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Ramsey protocol /
B>
(a) Ramsey
532 nm I
- n‘%_ i _ﬁr/zs S
Read i

J. F. Barry, etal. ‘20

o) 4 Ry H RS {@} ~
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Ramsey protocol

(@)

Ramsey
532 nm B B
17/2 T
MW f—t— |
Read

J. F. Barry, etal. ‘20

RY/?

/2
H Ry H RY(H A

So Chigusa @ Brookhaven Forum 2025

Fluorescence measurement
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Ramsey protocol

(@)

Ramsey
532 nm -
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MW f—T—
Read

J. F. Barry, etal. ‘20
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Fluorescence measurement
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Broadband (DC) sensitivity
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Vulnerable to noises T, ~ 1 us



Spin echo and DC noise

T/2

Hahn echo

J. F. Barry, etal. ‘20
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Spin echo and DC noise

Hahn echo — |

J. F. Barry, etal. ‘20

o g P e W H e H e HR
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Spin echo and DC noise

Hahn echo — |

J. F. Barry, etal. ‘20
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Spin echo and DC noise
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Spin echo and DC noise
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Spin echo and DC noise

TT

5, @=Ll
Hahn echo 4"@7 |
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Spin echo and DC noise

TT

5, @=Ll
Hahn echo 4"@7 |
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Spin echo and DC noise

B, @ (),
Hahn echo Iw/l/fm\l .

J. F. Barry, etal. ‘20

@) 4 RY*H RS HRY H RS H RY/? H A~
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Noise resilience T, ~ 100 ps

Narrow-band sensitivity for f ~ 1/t
24



Hybrid spin decoupling

Frequency m,/(2mr) [Hz]

repeat n times Hz mHz Hz kHz MHz GHz
10t E Y
| pry2 br. /2 br. /2 r/2 || B 100 4 —— M=10"?, tops=1yr
le) Ry/ R, Ry Ry A 10! M=10%, tops=1yr
102 ; """ N-Ramsey
- 10-33 hybrid decoupling
|N) RZ N Lo+ ] - current constraints
A 4 ,_I',—' 10-5 ; -~ prospect
% 107% ¢
.(2, 1077 &
!&:T 1078 = St N R
Spin exchange ~ o ———————
107120
* DC Noise cancellation without T-pulses e
B(ynty +7veTe) =0 (¥aYe < 0) g o
10_121 ] LELRLLLEL BRI B L L L I BRI L R R L I L B R R IR LU R B R L R LU B R
* Exotic spin interactions do not cancel 10OTOT0T 070" "'”"“’1”“;,‘;:}2;}3]1“"”1”_“1°'1° T 0T 0T 0 0
Yann Ty + Yaee T, # 0 Longer T, with larger n, lower T
my me

& Comagnetometry setup to reduce external noise

Broadband sensitivity!
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Discussions and Conclusion

Frequency m,/(2mr) [Hz]

uHz mHz Hz kHz MHz GHz
. . . 10
* Axion detection with NV center 100§ —— M=10'2, typy =1yr
. . . -1 i =102, obs =
* “Hybrid spin decoupling” E ..... vamsey
quantum sensing protocol 102§ hybrid decoupling
10-4 _ -——= current constraints
* Benefits T oaeeq  Prospect
> 3
. ()] 10-° E
* Longer coherence time O 107 |
W2 1070 —Sagme
° Comagnetometry — 10—9 ;——-——‘—HHH“‘HH%—:———\___ N
* Broadband sensing o T
10712 o )
10-13 é ...................................................... RN
- Setting up an experiment at QUP, KEK

m,[eV]

* NV + cryogenic
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Backup slides
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Axion DM parameter space

Axion decay constant f [GeV'1]

107

10"

1078

10°°

10- 10

10—11

10-1?

10-13

10—14

Temperature - dependent axion

SuperMAG ABRA

SHAFT CADABRA

Mrk421

Fermi - Extragalactic SN

Fermi

NuStar Super star clusters MWD Pol.

SN1987A

Chandra NGC 1275 and H1821 +643 ®%

Cor\'\a(_;netome‘ers

Storage rings

Superradiance

1010 10°8

Axion

10°"% 10"

X /40

mass with y=8.16

Neutron stars
TOORAD
BabylAXO

N MaDmAX

ALPHA

1076

mass mg [eV]

Solar -v

branch

V1ISOy®

104
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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



Sensitivity on axion DM (e-Ramsey)

Frequency m/(2m) [Hz]

mHz Hz kHz MHz GHz

10—12
107183 === === -—-----mmmm - -—== =-1'§,r """"""""""""""""""""
10—14 N =
10715

1071° XENONNT 3
107" g ---- red giant \Y

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

mleV] SC, etal. [2302.12756]

* (Roughly) universal sensitivity to the dc-like region m < 27/7; ~ 107% eV
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Sensitivity on axion DM (spin echo)

Frequency m/(2m) [HZz]

mHz Hz kHz MHz GHz

)

107 4 XENONNT ol
1077 4 ---- red giant \Y
10_18 - TrTmmy T T T Ty T Ty Ty v vy v vvmy v vy v vy vwmy-- v vy v vy v vvmy- v v
10-18 10-'7 10-1® 10-15 10-1* 10713 10712 10! 10710 10° 10°% 07 06 0> 107*
mleV] SC, et al. [2302.12756]

» Achieves sensitivities better than Ramsey for target frequency ~ 1/T, ~ 10 kHz



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]

X /40 4/19/2024 So Chigusa @ University of Minnesota



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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Full control of nuclear (**N) spins

..................... _ | — 0)
] 121+4
| —-+) —;
« Hyperfine interaction between
e~ and '*N spins (I = 1) A ~ 0(GHz)
thp. = A)5,1, = _AII
. 100)
« Causes hyperfine splitting of | | | Q| ~ O(MHz)
energy levels 1S.L) = [04) ——

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

34



Full control of nuclear (**N) spins

....... I|Q|+A” _ ’\_ 0)

[ =+ N MW

« Hyperfine interaction between

e~ and '*N spins (I = 1) A ~ O(¢iHz)

thp. = A)5,1, = _AII
. 4/ 00)

« Causes hyperfine splitting of | | | Q| ~ O(MHz)

energy levels 1S.L) = |0+) —— T
» Full control on two-qubit system |€) R,(0)

of e~ and **N spins available
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Full control of nuclear (**N) spins

..................... _ | — 0)
] 121+4
—+) —
« Hyperfine interaction between
e~ and '*N spins (I = 1) A ~ 0(GHz)
thp. = A)5,1, = _AII
. 100)
« Causes hyperfine splitting of | | | Q| ~ O(MHz)
energy levels 1S.L) =|0+) —T— At
Radio
e Full control on two-qubit system |e) O

of e~ and **N spins available

36 | N) R,(©)




General manipulation and read out

] U u, us3
U
] \A N Vo N V3

« General SU(4) with < 3 CNOT gates

repeat

’KM? M
P )

* Non-demolition measurement of
nuclear spin

37



Harmonic Oscillator Spin-Orbit Potential

_ . . . 14 . < . — .
Axion interaction with ““N spin N € Notawton POt o e
g 45 .
“Introductory Nuclear Physics” by K. S. Krane 6 a % < . 58 184
6 10 \i“lm_
. . . . ITEY
» Axion interactions with i =
. 3
* Orbital angular momentum: None s 3 2 227 44 126
72
« Neutron spins < ggnn e S oz
. p . q 3e - Thyz
roton spins X ggpy 4 ] v 32 82
P =T

1g 1g7:2

» Need to understand composition of **N spin
e Odd-odd nucleus 3 2p 2p,, - 22 50
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1
1pin 4 : $ :} izi
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$14] iy
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Decoupling protocols

Frequency m/(2m) [Hz]

kHz MHz GHz
I Lo opaaal 1 Ll

”‘

10—9 el

CPMG sequence

: 1010 4
repeat n times E

) 4 RY? HH RY® H BY H RS H BY HRY? HH RY® H#

Y 10711 4

X p o ]
un
(iv]

10-12 o

Spin flips ;

1013 4

] —— T=50us, T, =100us, N;=1
—— T=50ps, T, =100ps, N;=63
10_14 T T T TTTTT] T T T TTTTT] T T T Trrrng T 77T T T T TTTTTT
10-12 10~ 10°10 10°° 1078 1077
m[eV]

& Longer T, with largern
Longer T, with lower T (temperature)

Q) Even narrower-band sensitivity
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Sensitivity on g,.. (hybrid spin decoupling)

Frequency m/(2m) [Hz]

mHz Hz kHz
:LD—?_g 1ill L1l Ll Lol Lol Lol Ll
10-3 _: — M= 1012: fobs = 1Yr
]_D_d E — M - 1020, fobs ES 1}{!’

1 ——~ Chigusa, et al. '23

| L

gaee
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