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Motivation

• Dark matter (DM) signal is expected to be weak  reduce noise/enhance signal.  

• Minimum noise is set by the uncertainty principle, or the standard quantum limit (SQL). 
 
Linear scaling: making larger experiments is logistically difficult. 

• Going beyond requires non-classical states. 
 
Squeezing: redistribute uncertainty. 
 
Entangled states: add signal coherently at the level of amplitude. 

• Entangled states of qubits are crucial to realize the advantage of quantum computers. Therefore, we can 
expect the prospects of generating entangled qubit states to improve in the future.  

• We wanted to understand the qualitative and quantitative advantages that could be gained from using 
entangled qubits for DM detection.
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DM landscape
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 10−22eV  10 eV  keV  GeV  M⊙

Ultralight Light WIMP Composite PBH

For , DM field can be modeled as a classical wave.mDM ≲ 10 eV

fDM =
2ρDM

mDM
cos(ωDMt − ⃗k ⋅ ⃗x − φ) ̂n

ωDM = mDM (1 + v2/2)
: random phaseφ

Coherence time τDM ∼
2π

mDMv2
∼

106

mDM

(   )mDM ∼ μeV → τDM ∼ ms

Coherence length λcoh ∼
2π

mDMv

(   )mDM ∼ μeV → λcoh ∼ km



Light DM candidates
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⃗B

γ
DM wave

ω

P(ω)

mDM

∝ Qcav

⃗E DM( ⃗x, t) = ϵ 2ρDM cos(mDMt − φ) ̂nA′￼
( ⃗x)

⃗E DM( ⃗x, t) = gaγγ
| ⃗B |
mDM

f(mDMR) 2ρDM cos(mDMt − φ) ̂nB( ⃗x)

Axion-like particles (ALPs)

Dark photons

ℒint ⊃
gaγγ

4
aFF̃ = gaγγaE . B

ℒint ⊃ ϵFF′￼ = ϵ (E . E′￼+ B . B′￼)



Interaction of  with qubitsEDM

Transmon qubits
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L C

For tunability, replace Josephson junction with SQUID. By changing external flux through the SQUID loop, 
 (and therefore ) can be changed.  

Qubits are much easier and faster to tune with tuning range of  1-3 GHz. (Cavity tuning range is  100 MHz)
EL ω

∼ ∼

 H0 = 4ECn2 − EL cos ϕ ≡ 4ECn2 +
EL

2
ϕ2 +𝒪(ϕ3)

 ;[ϕ, n] = iℏ

H0 = ℏω (a†a +
1
2 ) with ω = 8ECEL /ℏ

 ,ϕ = ( 2ℏ2EC

EL )
1/4

i (a − a†) n = ( ℏ2EL

32EC )
1/4

(a + a†)

Hint = (2e) n ⃗d . ⃗E DM Hint = (2e)( ℏ2EL

32EC )
1/4

⃗d ⋅ ⃗E DM (a + a†)⟶

2η cos(mDMt − φ)

{



DM-qubit interaction
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Qubit: two level system,  and |0⟩ |1⟩

Hqubit = ωa†a + 2η cos(mDMt − φ) (a + a†)

Starting with ground state , probability of seeing an excitation due to DM:  |0⟩ psig = |ψ1(texp) |2 ≈ sin2(η texp)

If we had  qubits, probability of seeing at least one excitation would grow linearly:  nq psig ≈ nq sin2(η texp)

This leads to Rabi oscillations: |ψ⟩ = ψ0(t) |0⟩ + ψ1(t)e−iωt |1⟩

(ψ0(t)
ψ1(t))res

= ( cos(ηt) ie−iφ sin(ηt)
ieiφ sin(ηt) cos(ηt) ) (ψ0(0)

ψ1(0))
UDM

|0⟩

|1⟩

Fastest on resonance  
ωq = mDM



Entangled state protocol
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,  

    

Δω = ω − mDM = 0 φ = 0

| ± ⟩ =
|0⟩ ± |1⟩

2
⟶ UDM | ± ⟩ = e± i ηt | ± ⟩

S. Chen,  H. Fukuda, T. Inada, T. Moroi, T. Nitta, and T. Sichanugrist, arXiv:2311.10413
A. Ito, R. Kitano, W. Nakano, and R. Takai, arXiv:2311.11632

    
1

2
( | + ⟩⊗nq + | − ⟩⊗nq) U⊗nq

DM 1

2
( ei nq ηt | + ⟩⊗nq + e−i nq ηt | − ⟩⊗nq )

GHZ

{

Coherent addition of amplitude



State preparation and readout
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| + ⟩⊗nq + | − ⟩⊗nq

2

Probability of seeing an excitation on the 1st qubit: 

psig = sin2(nq ηt) ≈ n2
q η2t2

|0⟩

|0⟩

.

.

.

ei nq ηt | + ⟩⊗nq + e−i nq ηt | − ⟩⊗nq

2

DM
H

H

H

H

|0⟩

|0⟩

.

.

CNOT 
nothing 
flip 

0c →
1c → qt

cos2 φ

cos(nq ηt) |0⟩ + i sin(nq ηt) |1⟩

2



1. Are qubits necessary: is there an equivalent setup in conventional power-readout schemes? 

2. How much of the advantage is left after incorporating noise? 

3. How many qubits would be needed to compete with a single cavity haloscope?
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Are qubits necessary?
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Similar amplitude addition can also occur in classical waves, where the energy/power .∝ n2

Say we design a multi( )cavity experiment where we manage to add electric fields from all cavities in phase. 
Then we would expect the power read out to scale as .  

ncav
n2

cav

Image from: A. J. Millar et al, arXiv:1612.07057

Ppeak ∝ n2
layers



Are qubits necessary?
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ω

P(ω)

∫ P(ω) dω ∝ Vtot ∝ ncav Vcav

n2
cav

1
ncav

R. Lasenby, arXiv:1912.11467
N. Blinov, C. Gao, R. Harnik, R. Janish, and N. Sinclair, arXiv:2401.17260

M. Baryakhtar, J. Huang, and R. Lasenby, arXiv:1803.11455
A. J. Millar, G. G. Raffelt, J. Redondo, and F. D. Steffen, arXiv:1612.07057

Turns out, there is a power-bandwidth tradeoff.   



Thomas-Reiche-Kuhn (TRK) sum rule
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 ,  H =
p2

2m
+ V(x) [x, p] = i and ⟨0 | [x, [H, x]] |0⟩ = ?

1)   

     

[H, x] = −
i
m

p

⟨0 | [x, [H, x]] |0⟩ =
1
m

2)   

     Insert a complete basis of energy eigenstates  

     

⟨0 | [x, [H, x]] |0⟩ = ⟨0 |x[H, x] |0⟩ − ⟨0 | [H, x]x |0⟩
1 = ∑

n

|n⟩⟨n |

⟨0 | [x, [H, x]] |0⟩ = 2∑
n

(En − E0) |⟨n |x |0⟩ |2

∑
n

(En − E0) |⟨n |x |0⟩ |2 =
1

2m
n particles

∑
n,i

(En − E0) |⟨n |xi |0⟩ |2 =
n

2m



Thomas-Reiche-Kuhn (TRK) sum rule
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 H =
p2

2m
+ V(x) −q Eext x

If particles are charged and exposed to an external electric field  ,Eext

    q2E2
ext ∑

n,i

(En − E0) |⟨n |xi |0⟩ |2 = q2E2
ext

n
2m

Power absorbed



Sum rule for cavities
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 ∑
n,i

(En − E0) |⟨n |xi |0⟩ |2 =
n

2m
⟶ ∫ dω ω Imχeff(ω) = ncav

π
V

∫
∞

0
dm Pm ∝ V2 ∫ dω ω Imχeff(ω) = ncavV

For independent cavities,   χeff = ∑
i

χ ∝ ncav → Δω ∝ n0
cav

For coherent addition of -fields,   E χeff ∝ n2
cav → Δω ∝ n−1

cav

All additional advantage from coherent addition is lost when considering scan rate!

ω

P(ω)

n2
cav

1
ncav



Power transfer in qubit protocol
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    where Htot =
nq

∑
i=1

Hi Hi =
1 + σz

2
ω

Before DM action: ,      |ψi⟩ =
| + ⟩⊗nq + | − ⟩⊗nq

2
⟨ψi |Htot |ψi⟩ =

nq ω
2

After DM action: ,      |ψf⟩ =
einqηt | + ⟩⊗nq + e−inqηt | − ⟩⊗nq

2
⟨ψf |Htot |ψf⟩ =

nq ω
2

The qubit protocol does not rely on power drawn from DM!



Bandwidth of GHZ protocol
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UDM = U1 1 + Ux X + Uy Y + Uz Z

UDM | ± ⟩ = C1± | ± ⟩ + C2± | ∓ ⟩

where  C1± = U1 ± Ux , C2± = Uz ∓ iUy

psig =
1
8

nq

∑
k=0

(nq

k ) (Ck
1+Cnq−k

2+ + Ck
2−Cnq−k

1− ) − (Cnq−k
1+ Ck

2+ + Cnq−k
2− Ck

1−)
2

psig
off−res n2

q
4η2

Δ2
ω

sin2 (
Δωtexp

2 ) cos2 (φ +
Δωtexp

2 )

In the limit :Δω ≫ η

 Independent of !← nqBandwidth: Δω ∼ 1/texp

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

0.

2.×10-5

4.×10-5

6.×10-5

8.×10-5

1.×10-4



1. Are qubits necessary: Yes! 

2. How much of the advantage is left after incorporating noise? 

3. How many qubits would be needed to compete with a single cavity haloscope?
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Noise sources
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|0⟩

|0⟩

.

.

.

: Readout error, 
(independent of )
pro

nq, texp

: Gate error (CNOT gates) 

(total error , independent of )

pg

∝ nq texp

: thermal-like errors 
(total error , )
pth

∝ nq texp

τGHZ =
τq

nq



Scan rates
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Entangled  qubitsnq

SRun ≡
Δω

texp . nrep

S ≈ (n2
q η2t2

exp) nrep

N ≈ perror nrep

SRent =
n4

q η4t2
exp

SNR2 perror

 , perror = pro + (pg + pth) nq texp ≠ τDM

SRun ≡
1

t2
exp . nrep

Δω ∼ 1/texp

Unentangled  qubits in parallelnq

S ≈ (η2t2
exp) nq nrep

N ≈ perror nq nrep

For ,  texp = τDM perror ≈ pro + pth

S
N

≈
(η2t2

exp) nq nrep

perror
  gives  needed⟶ nrep

SRun ≈
nq η4τ2

DM

SNR2 perror



Scan rates
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nq

Log nq

Lo
g

(S
R

n q
/S

R
1

)

Unentangled

1-qubit

n4
q

Re
ad

ou
t

nq =
pro

(pg + pth)

SRent ∝
n4

q t2
exp

pro + (pg + pth) nq

  τGHZ > τDM ⟹ texp = τDM

nq ≤
pro

pg + pth
,

SRent ∝ n4
q

If read-out error is dominant, then for



Scan rates
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n4
q

nq

Log nq

Lo
g

(S
R

n q
/S

R
1

)

Unentangled

Re
ad

ou
t

1-qubit

nq =
pro

(pg + pth)

n3
q

Ther
mal/

Gate

texp = τGHZtexp = τDM

nq =
τq

τDM

SRent ∝
n4

q t2
exp

pro + (pg + pth) nq

SRent ∝ n3
q

  τGHZ > τDM ⟹ texp = τDM



Scan rates
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n4
q

n3
q

nq

Log nq

Lo
g

(S
R

n q
/S

R
1

)

Unentangled

texp = τGHZtexp = τDM

Re
ad

ou
t

Ther
mal/

Gate

1-qubit

nq =
pro

(pg + pth)

n2
q

Therm
al

nmax
q =

pmax

pg
nq =

τq

τDM

SRent ∝
n4

q t2
exp

pro + (pg + pth) nq

τGHZ < τDM → texp = τGHZ = τq/nq

SRent ∝
n4

q ( τq

nq )
2

pmax
∝ n2

q



Scan rates
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n4
q

n3
q

n2
q

nq

Log nq

Lo
g

(S
R

n q
/S

R
1

)

Unentangled

texp = τGHZtexp = τDM

Re
ad

ou
t

Ther
mal/

Gate

Therm
al

nq
Entangled

Thermal 

+Gate

1-qubit

nq =
pro

(pg + pth)
nmax

q =
pmax

pg
nq =

τq

τDM

SRent ∝
n4

q ( τq

nq )
2

pro + pgnq + pmax

SRent ∝ nq

Entanglement cannot be increased further.  
Additional qubits can be run in a  
parallel entangled setup.



1. Are qubits necessary: Yes! 

2. How much of the advantage is left after incorporating noise? 

3. How many qubits would be needed to compete with a single cavity haloscope?
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Comparison with (single) cavity experiments

• In 1-10 GHz range ( ), there are both cavity-based experiments and superconducting 
qubit technology available for dark photon searches.   

• Cavity experiments have volume advantage. E.g. at GHz frequency, , while effective 
volume for a superconducting transom qubit . 

• Scaling advantage in scan rate for entangled states can make qubits competitive with single cavity 
experiments. 

• Assuming thermal errors dominate,  

• In cavity setups, we consider 1) Power-based readout:  

                                       2) Photon-counting readout: 

mDM ∈ (5 − 50) μeV

Vcav ∼ 103 cm3

Vqubit ∼ 1 mm3

SRqubit

SRcav
≈ (

V2
qubit

V2
cav ) ( p(cav)

error

p(qubit)
error ) n3

q

p(cav)
error

SQL Evac/mDM ≈ 1/2

p(cav)
error ≪ 1

25

A. V. Dixit, S. Chakram, K. He, A. Agrawal, R. K. Naik, D. I. Schuster, and A. Chou, 2008.12231
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Photon counting

Power readout

25 qubits

100 qubits Veff(qubit) ≈ 1 mm3

perror(photon counting) = 0.1 %

Tcavity = 10 mK

texp = min[τDM, τGHZ]

τq = 1 ms ,

pg = 0.5 %
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Photon counting

Power readout

25 qubits

100 qubits

400 qubits

Veff(qubit) ≈ 1 mm3

perror(photon counting) = 0.1 %

Tcavity = 10 mK

texp = τDM

pg = 0.1 %



Summary and future directions

• Unlike cavity-based experiments, there is no loss of bandwidth for entangled qubit states 
 maintain advantage in scan-rate. 

•  
 

•  
Can we incorporate error detection/correction to enhance sensitivity? 

• Can we design a hybrid cavity-qubit setup that gets advantages of both?

→
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Thank you!

Qubits Cavity

Tunability

Volume

Coherent addition


