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• Faint signal                Need high sensitivity

• Wide mass range    Broadband approaches are desirable

Challenges in DM direct detection

Credit: TASI lecture by T. Lin
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Challenges in DM direct detection

Credit: TASI lecture by T. Lin

Ex) Axion-induced 𝐵eff

• ℒ = 𝑔𝑎𝑓𝑓
𝜕𝜇𝑎

2𝑚𝑓

ҧ𝑓𝛾𝜇𝛾5𝑓    𝐻𝑒𝑓𝑓 = 𝛾𝑓𝐵eff ⋅ Ԧ𝑆𝑓

• 𝛾𝑓𝐵eff ≃ 2𝜌𝐷𝑀
𝑔𝑎𝑓𝑓

𝑚𝑓
Ԧ𝑣𝐷𝑀 cos 𝑚𝑎𝑡 + 𝛿

1/yr 103 THz

• Faint signal                Need high sensitivity

• Wide mass range    Broadband approaches are desirable
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Challenges in DM direct detection

Credit: TASI lecture by T. Lin
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𝜕𝜇𝑎

2𝑚𝑓

ҧ𝑓𝛾𝜇𝛾5𝑓    𝐻𝑒𝑓𝑓 = 𝛾𝑓𝐵eff ⋅ Ԧ𝑆𝑓

• 𝛾𝑓𝐵eff ≃ 2𝜌𝐷𝑀
𝑔𝑎𝑓𝑓

𝑚𝑓
Ԧ𝑣𝐷𝑀 cos 𝑚𝑎𝑡 + 𝛿

1/yr 103 THz

• Faint signal             Need high sensitivity

• Wide mass range    Broadband approaches are desirable

Can we consider DM-specific 
“quantum sensing protocols” to 
overcome these challenges?
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NV center in diamond

L. M. Pham ‘13

• 2-qutrit system made of  
𝑒−-spin and 14N-spin

Image credit: press release from Kyoto University

https://www.kuicr.kyoto-u.ac.jp/sites/topics/250516/
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Quantum sensor requisites: measurement & operation

J. F. Barry, et al. ‘20

J. M. Schloss, et al. ‘18

TIR
lens

Dielectric
reflector

SiC
wafer

532 nm

Photodiode

Colored
glass filter

Diamond

excitation

Light pipe

J. F. Barry, et al. ‘23

• Fluorescence 
measurement

• Rabi oscillation

Micro/Radio wave
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• A qubit state = A point on Bloch sphere

𝜓 = cos
𝜃

2
0 + sin

𝜃

2
𝑒𝑖𝜙|+⟩

Illustration by Bloch sphere
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Ramsey protocol

J. F. Barry, et al. ‘20
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Ramsey protocol

J. F. Barry, et al. ‘20
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Ramsey protocol

J. F. Barry, et al. ‘20
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Ramsey protocol

J. F. Barry, et al. ‘20
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Ramsey protocol

J. F. Barry, et al. ‘20
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Ramsey protocol

J. F. Barry, et al. ‘20
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Ramsey protocol

J. F. Barry, et al. ‘20
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Ramsey protocol

J. F. Barry, et al. ‘20
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Ramsey protocol

Broadband (DC) sensitivity
Vulnerable to noises 𝑇2

∗ ∼ 1 μs

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

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

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

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

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

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

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

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

Noise resilience 𝑇2 ∼ 100 μs

Narrow-band sensitivity for 𝑓 ∼ 1/𝜏

J. F. Barry, et al. ‘20
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• DC Noise cancellation without 𝜋-pulses

𝐵 𝛾𝑁𝜏𝑁 + 𝛾𝑒𝜏𝑒 = 0       (𝛾𝑁𝛾𝑒 < 0)

• Exotic spin interactions do not cancel
𝑔𝑎𝑁𝑁

𝑚𝑁
𝜏𝑁 +

𝑔𝑎𝑒𝑒

𝑚𝑒
𝜏𝑒 ≠ 0

Hybrid spin decoupling

Spin exchange

Longer 𝑇2 with larger 𝑛, lower 𝑇
Comagnetometry setup to reduce external noise
Broadband sensitivity!
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Discussions and Conclusion

• Axion detection with NV center 
• “Hybrid spin decoupling”           

quantum sensing protocol 

• Benefits
• Longer coherence time
• Comagnetometry
• Broadband sensing

• Setting up an experiment at QUP, KEK
• NV + cryogenic
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Backup slides
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Sensitivity on axion DM (𝒆-Ramsey)

• (Roughly) universal sensitivity to the dc-like region 𝑚 < 2𝜋/𝑇2
∗ ∼ 10−8 eV

SC, et al. [2302.12756]
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Sensitivity on axion DM (spin echo)

• Achieves sensitivities better than Ramsey for target frequency ∼ 1/𝑇2 ∼ 10 kHz 

SC, et al. [2302.12756]
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• Hyperfine interaction between    

𝑒− and 14𝑁 spins (𝐼 = 1)

𝐻ℎ𝑦𝑝. = 𝐴∥𝑆𝑧𝐼𝑧

• Causes hyperfine splitting of 

energy levels

• Full control on two-qubit system 

of 𝑒− and 14𝑁 spins available

Full control of nuclear (𝟏𝟒𝑵) spins

Dutt, et al. Science (2007)
Neumann, et al. Nature (2010)
van der Sar, et al. Nature (2012)
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• Hyperfine interaction between    

𝑒− and 14𝑁 spins (𝐼 = 1)

𝐻ℎ𝑦𝑝. = 𝐴∥𝑆𝑧𝐼𝑧

• Causes hyperfine splitting of 

energy levels

• Full control on two-qubit system 

of 𝑒− and 14𝑁 spins available

Full control of nuclear (𝟏𝟒𝑵) spins

Dutt, et al. Science (2007)
Neumann, et al. Nature (2010)
van der Sar, et al. Nature (2012)

MW
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• Hyperfine interaction between    

𝑒− and 14𝑁 spins (𝐼 = 1)

𝐻ℎ𝑦𝑝. = 𝐴∥𝑆𝑧𝐼𝑧

• Causes hyperfine splitting of 

energy levels

• Full control on two-qubit system 

of 𝑒− and 14𝑁 spins available

Full control of nuclear (𝟏𝟒𝑵) spins

Dutt, et al. Science (2007)
Neumann, et al. Nature (2010)
van der Sar, et al. Nature (2012)

Radio
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General manipulation and read out

• General 𝑆𝑈 4  with ≤ 3 CNOT gates • Non-demolition measurement of 
nuclear spin

2

single-qubit unitary gates ul , vl (to be specified below) as

u

v

u u u

v v v
U

1 2 3 4

4321 (3)

An important element in order to prove theorem 1 is

the decomposit ion of U ∈ SU(4) derived by Khaneja et
al. [5] and Kraus et al. [10], namely

U

u

v

4

4

u

v

1

1

e
−iH

(4)

H ≡ hx σx ⊗σx + hy σy ⊗σy + hz σz ⊗σz , (5)

where π/ 4 ≥ hx ≥ hy ≥ |hz |. An explicit protocol to

extract the single-qubit gates u1, v1, u
′
4, v

′
4 ∈ SU(2) and

the coefficients hx , hy , hz ∈ R from U was presented in

Ref. [10]. In what follows we show that e− i H can be

further decomposed as

u

v

3

3

u

v

2

2

e
−iH

w

w
−1

(6)

where

u2 ≡
i
√
2
(σx + σz ) e

− i (h x +
π
2
)σx , v2 ≡ e

− i h z σz , (7)

u3 ≡
− i
√
2
(σx + σz ), v3 ≡ e

i h y σz , (8)

w ≡
I − iσx
√
2

, (9)

so that u4 and v4 in (3) are

u4 = u
′
4w, v4 = v

′
4w

− 1. (10)

Let us int roduce the Bell basis

|γ00⟩ ≡
1
√
2
(|00⟩ + |11⟩), |γ01⟩ ≡

1
√
2
(|01⟩ + |10⟩),

|γ10⟩ ≡
1
√
2
(|00⟩ − |11⟩), |γ11⟩ ≡

1
√
2
(|01⟩ − |10⟩),

where |mn⟩ denotes |zm⟩A ⊗|zn⟩B . Operator H in Eq.

(5) can be rewrit ten as

H =

1

m ,n= 0

λmn |γmn ⟩⟨γmn |, (11)

with λmn defined as

λ00 ≡ hx − hy + hz , λ01 ≡ hx + hy − hz , (12)

λ10 ≡ − hx + hy + hz , λ11 ≡ − hx − hy − hz . (13)

Then e− i H becomes

e− i H =

1

m ,n= 0

e− i λm n |γmn ⟩⟨γmn |. (14)

Direct inspect ion shows that circuit (6) indeed acts on

the Bell basis |γmn ⟩ as [11]

|γmn ⟩ −→ e− i λm n |γmn ⟩, (15)

thereby proving the theorem. We include some of the

details. The first (leftmost) CNOT in (6) maps the Bell

basis into a product basis, namely

|γmn ⟩ −→ |xm⟩A ⊗|
zn⟩B , (16)

where |x0⟩ ≡ (|z0⟩ + |z1⟩)/
√
2, |x1⟩ ≡ (|z0⟩ − |z1⟩)/

√
2.

The local t ransformat ion u2 ⊗v2 int roduces convenient
phasesφmn (hx , hy ) into this local basis, and maps it into

a new product basis,

|xm⟩A ⊗|
zn⟩B −→ e− iφm n (hx ,h z ) |zm⟩A ⊗|

zn⟩B . (17)

The second CNOT gate exchanges only two elements of

the new product basis (recall Eq. (1)),

|z1⟩A ⊗|
z0⟩B ↔ |z1⟩A ⊗|

z1⟩B , (18)

after which u3 ⊗v3 switches back to the |
xm⟩A ⊗|zn⟩B

basis and introduces more phases φ′n (hy ). The leftmost

CNOT in (6) maps the lat ter product basis back into the

original Bell basis,

|xm⟩A ⊗|
zn⟩B −→ |γmn ⟩, (19)

and the final local gates w⊗w† exchange vectors |γ10⟩
and |γ11⟩ in order to undo the permutat ion (18) [and
also add a π/ 4 phase to each of them], so that circuit (6)

implements transformat ion (15).

As shown in [2], a nontrivial subset of two-qubit uni-

tary t ransformat ions, namely control-V transformat ions

for V ∈ U(2), can beperformed by using only two CNOT
gates and single-qubit gates. For these gates, one finds

hy = hz = 0 in its decomposit ion (4)-(5), so that they

are locally equivalent to a control-phase gate Uϕ ,

Uϕ |
zm⟩A ⊗|

zn⟩B = e
− i m nϕ |zm⟩A ⊗|

zn⟩B , (20)

for an arbit rary phase ϕ. Theorem 2 characterizes the

set of two-qubit t ransformat ions that can be performed

with only two CNOT gates. They correspond to hz = 0

in (4)-(5), and are therefore a subset of zero measure in

the space of two-qubit gates.

T heorem 2.— A two-qubit gate Ū ∈ SU(4) can be

decomposed in terms of two CNOT gates and single-qubit

gates ūl , v̄l ,

u

v

u u

v v
U

1 2 3

321 (21)

if and only if hz = 0 in its decomposition (4)-(5).

Vidal & Dawson, PRA (2003) Neumann, et al. Nature (2010)
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• Axion interactions with

• Orbital angular momentum: None
• Neutron spins ∝ 𝑔𝑎𝑛𝑛

• Proton spins ∝ 𝑔𝑎𝑝𝑝

• Need to understand composition of 14𝑁 spin

• Odd-odd nucleus

• 𝐻𝑖𝑛𝑡 = 𝛾14𝑁𝐵𝑎 ⋅ Ԧ𝐼

𝐵𝑎 ∝
1

6

𝑔𝑎𝑛𝑛

𝑚𝑛
+

𝑔𝑎𝑝𝑝

𝑚𝑝

 ≡
1

3 ෩𝑓𝑎

Axion interaction with 𝟏𝟒𝑵 spin

“Introductory Nuclear Physics” by K. S. Krane
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Decoupling protocols

Longer 𝑇2 with larger 𝑛
Longer 𝑇2 with lower 𝑇 (temperature)
Even narrower-band sensitivity

CPMG sequence

Spin flips
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Sensitivity on 𝒈𝒂𝒆𝒆 (hybrid spin decoupling)
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