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Dark matter spans an enormous range of possible masses
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Wavelike DM candidates
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A vast parameter space
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Scanning this vast parameter space calls for faster search strategies.



Quantum estimation theory

Quantum metrology provides three knobs
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Quantum Fisher information: F(17) = Tr[pﬂL,?] where L,p, + p L, =20,p,
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Wavelike DM as a quantum state

Model the DM background as a real scalar field
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whose density matrix is a Gaussian ensemble of coherent states [Cheong, Rodd, Wang, PRD(2025)]
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For unsqueezed states, the anomalous correlator vanishes (dydy.) = 0



DM as a quantum channel on the detector

A two-level detector: Hy = wy0,/2
Coupling to the DM field: H, . = g&(t)&x

Expanding the evolution operator in a Dyson series: ZAJI(T) =1+ UD+ U+ ...

T T f
UM = —iJ dtH(t), U® = —J dtlj dt, H(t))H (t,)
0 0 0

Tracing out the DM field gives the reduced detector response:

APy =puT) = pyo= ,5;1’1) + ,5;2’0) + ,5;0’2) + O(g"),

with p = Tr, [ﬁ<i>ﬁ(0)0<i>‘f




DM as a quantum channel on the detector

Short-time imit

Within the coherence time T' < min{zy, 7, }:

n PDM A A A A n
AP, = ) g °T> <0+,0d,00— T 0_Py004+ — Pd,o)

For multiple detectors:
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The spatial coherence matrix is
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Quantum conerence measurement

Direct excitation measurements cannot distinguish DM from thermal noise.

0 0 0 0 [ ejey)
0 py+n, C 0 | g1€5)
Po = 1818)(81&| = Pn=10 C5  pp+n 0 [ €18))
0 0 0 l =py—py—ny—n, | 8182)

p: DM-induced excitation probability; n: thermal excitation probability

Measuring the coherence operator I1;, = | e;2,)(ge,| + | g1€,)(€:&> | Shu, BX, XU, arXiv:2410.22413]

[H. Fukuda et al., PRL(2025)]
S. Chen et al.,, PRD(2026)]

Trlp,l1;5] = 2Re[C5] o (P(X))P(X,))

Insensitive to uncorrelated thermal noise while retaining the full spatial-correlation signal.



The optimal measurement

Treat the unknown thermal excitation rate n as a nuisance parameter.

Fog Lgn
(Classical) Fisher information matrix £ =
an an
o | - 1
Marginalized information for g: I, S = —
—1
(F™)gg

In the computational basis, det F' =~

In the optimal measurement basis, F,, K F,,



Quantum sensor network

For N sensors, O(N?) pairwise coherence channels can produce an N?-scaling signal.

A W state accesses all pairwise coherences:

Y
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[Shu, BX, Xu, arXiv:2410.22413]



SEeNsIIvItY estimation

The coherence advantage can survive realistic gate errors.

Sensor type N0 Two-qubit gate infidelity F [ vV
Cavity | 10 ° [46] 10 * [47] 0golmy/eV]
Transmon |10~ ° [48, 49] 10~ [50, 51 52 5 _—48 —-46 -44
Tons 10~ 7 [52] 10~° [53, 54 —12 . . . . .
- =\ e
> N7
JOD 4 e e e 8 — 13 T T L L d— |
1 X “““““““““““““““““ ‘—N‘;XOOOXG
- - ‘\’\’\‘\ b%\ o 14 ““““““““
2 1072 ; . =
> ] -8 —
= SN o _
C 1073 - s o
& ] S \\.\\\ )
10_4_? — i?\(c)jlépendent ‘1 ~~~~~~~ AL — 16 '
] —-= depolarization e P
. | ==- Sh:rmalonly ~~~~~~~~ 1 5 10
107 7 ema simulations T~




Testing on a 16-qupit processor

Preliminary results reach € < 10710 at a resonant frequency my = 4.3 GHz
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[He, Shu, BX et al., work in progress]
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Squeezed dark matter

0 0 0 M, [ €1€2)
|0 ptn, Gy 0 | 81€2)
=1 o Ct  p+m 0 [ €182)
M, 0 0 L=pi—pr—n—m) | g8)

Measuring the anomalous-coherence operator I1,, = | e,e,){(g&, | + | 2,8,){e;e, |:

Tr[pnnlz] — 2R€[M12] X Z <C/l\k&_k> [Dong, He, Shu, BX, work in progress]
k

This observable measures how strongly the DM field is squeezed.

Moreover, when | M, | > p + n, the two detectors become entangled.



Quantum estimation theory
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Optimal Entangled Probe

N
. L1
Recall that Ap, = pDMngz Z Cii lﬁﬁ)ﬁd,oﬁ(j) ~5 {8(])A(’) P4 } +h.c.

2 =0+

i j=1
Diagonalize the coherence matrix as

Clj=ZCu u* with ¢, > 0

ol gj
a

Define the jumping operators

ai” 4 o, — o, +



Optimal Entangled Probe

+h.c.

Recall that Ap,; = pI;M °T? Z C: [A(’)ﬁ 4.0 oY) — — {8(J)A(’) P4 }

1,j=1

Define the number-conserving sensitivity operator

K= ) c, (1§ B +1§a,+1§a,_) — NI+ 22 C.6960)

a,—— a,+ 1~ +
04

The QFlis given by:

Folp =(K) =2 ) ¢y (B, ) P < (K

The optimal probe is the top eigenstate of the geometry-dependent operator K



Co-located detectors

For a perfectly coherent, common-phase array, Cl-j = | and

N N
K=JJ, +JJ =2 (32 — fg) where J, = Y 60, J_ =) 6%

On a Dicke state |J, m), this operator has eigenvalue K(J, m) = 2 [J(J + 1) — mz]

The largest eigenvalue is attained by by the half-excited Dicke state with J = N/2, m = 0:

‘D]]\\]I/2> — ﬂ/ Z {@ﬂ' ( ‘g>®(N/2) ® ‘ e>®(N/2)) [He, Shu, BX, and Xu, arXiv:2512.14821]
JT

yvielding F(gI,)i"ke x 2N(N + 2)



Geometry-adapted optimal states

For distributed sensors, the optimal probe

Wop) = D, sl S)

|S|=k

has a fixed excitation number k. but nonuniform amplitudes a.

- For two detectors, the optimal state is

i :', “s‘
Wop) = —= (€72]€182) + 1 81¢5)), where ¢y, = arg(Cyp) &
FP=4(C) + Cyy +2|Cpy ) o 1 2 3

d/A.

[He, Shu, BX, and Xu, arXiv:251214821]



Geometry-adapted optimal states

A half-filled Dicke-like state has (

N
NI2

) different amplitudes.

Classical diagonalization and exact state synthesis require resources that grow exponentially.

We approximately prepare the optimal probe with a variational circuit | w(@)) = U,,,(0) \D,iv)

Loss function: E(@) = — (K)

Random geometry

S3

‘.Sl +

Real amplitude

o
W

o
N

o
=

0.0 -

Exact geometry-adapted state

1100 1010 1001 0110 0101 0011




Quantum estimation theory

Quantum metrology provides three knobs
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The parameter-encoding step can also be engineered:

« Quantum error correction (see Fukuda'’s talk)

- Dynamical Decoupling

- Optimal guantum control
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Quantum estimation theory

Quantum metrology provides three knobs

( ) ( ) ( )
INitial state * Parameter * Measurement
oreparation encoding (POVM)
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A cavity experiment combines all three metrological knobs.




Photon counting device

[Zheng, Cai, BX et al., PRL (2026)]
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- The DM field acts as a displacement operator:
—iHpyt — pa’—p*a _ A ﬁ# ---------------- -
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field g W Y R |
- Cavity QED Hamiltonian: N oS =
H =a)aTa+la)a+ a'ac. = w.a'a+ la) +ya'alo
CQ C o q-z A Z C 9 q X Z
. | two-level dispersive ohoton number-
inear cavity , .
atom coupling dependent frequency

. A dispersively coupled gubit enables qguantum nondemolition photon-number readout.

. The sensitivity is limited by the residual thermal occupation iz, ~ 107



. We built a high-Q superconducting niobium cavity.
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DPDM search with the vacuum state

- Raomsey interferometry

0]

H..=2ya'a—
int — <A )
| | ) : A Couples |n, fYto |[n+ 1,2)
. Sideband tunmg:Hd=?a |2)(fle"*"+h.c. If) . I
QZ
H.~—a'a
off ~ 7 FI¥4

orovides an O(100) kHz scan range.



DPDM search using cat states

- We use a four-component cat state (compass state) b) f———————7(c)
a=io W

. Prepare: |¢p()) < |a) + | — a) + |ia) + | — ia)

Im (8)

ImC(DB)

. DM-induced displacements populate | ¢;(ax))

0
Re (B)

while the dominant backgrounds populate | gs(ax)) e e

. DM displacement (¢1|15(ﬁ)|¢0> 2% lal®| B

12F

. For \a\z = 12 and an overall efficiency n = 0.68, £ |

we obtain an 8.1 X scan-rate enhancement.

I Vacuum y'




Ramsey Interferometry for compass states

- Compass-state readout uses fourfold parity in a Ramsey sequence.
(a) ) (b) e)

7

1g) 1g)

t=0 0<t< v t= v

4X 4X
. First, a twofold-parity operation creates: |a) ® |g) = |¢d.) R |g) + | d_) Q |e)

. A subseqguent fourfold-parity operation resolves the four compass components:
[d.) @ 18) = ) ®12) + 1) ® le)

[p_)® ey = ) ®le)+ |dh3) ®g)



DPDM searchn results

- We reach sensitivity to kinetic mixing at the level of € ~ 10~ near 6.44 GHz

(e) Mass (ueV) (f) Mass (peV)
4 6 8 10 30 26.64092 26.64105 26.64117 26.64130
Y o103 Cosmology --~" | QUALIPHIDE
% O SHUKET § 101
- FAST O G 5 - -
e 5 2 =
1077 0 7 3 I g Cat states
= T T 0 X
X b é : 3 ¢ O 1014
g ey ¢ : . Frequency tuning
>
O =
g CaD .
X 10 (This work) -0
1 2 4 6 8 10 6.44175 6.44178 6.44181 6.44184
Frequency (GHz) Frequency (GHz)

[Zheng, Cai, BX et al., PRL (2026)]



Take-home messages

- Wavelike DM acts as a spatially correlated guantum channel.

- Coherence-selective measurements reject uncorrelated noise.

- Geometry-adapted entangled probes can approach the guantum limit.
- Nonclassical cavity states already enhance experimental scan rates.

- Ultimately, distributed sensors may probe the guantum state of DM itself.
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