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'Introduction



Dark Matter in the Universe

In the universe,
“invisible” matter (dark matter) exists
in quantities more than five times
| greater than “visible” matter (baryons)!
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See T. Nitta's talk

Use of Quantum Sensors

e In this talk, | focus on wave-like dark matter, m < eV e

« Quantum sensors are useful for such light dark matter

Quantum sensor: an artificial two-level systems such as a qubit
(Our results can be used to cavities if the states are read-out to qubits)

e« Why?
* Qubits typically have very small energy gaps, AE < eV

« As we will see soon, qubits are insensitive to the unknown phase of
the dark matter: ¢(x) ~ ¢y cos(mt + @)

« Use of entanglement of qubits



DM-Sensor Interaction

« We want to know , €.8.,
. EFWF“W for axion-like particles, —% FWF’“V for dark photons

 The interaction is reduced to an effective potential
e Since qubits are two-level systems, it is written using Pauli matrices

« Of course, the details vary, but let us assume the potential is
proportional to oy

e The qubit Hamiltonian is

1
H =H, + AH, Hy = —Ewaz, AH = 2noy sinmt

All the information we need is in !
—\We want to estimate 1 using qubits



Time Evolution of Qubits in DM Wave

« We first move to the interaction picture |
H ot iHnt Here, we assume DM is resonant
H; = e"o'AHe 0 to the qubit frequency

= noy cos(m — w)t + (NIgrfreg=made) ~ noy

e.g., terms proportional to cos(m + w)t
such terms are averaged out to zero
even if we numerically integrate

« Starting from |0), |y (t)) = (1 — iH,;t)|0) = |0) — in|1)

* We measure |1) against |i(t)) to extract n If we include the phase ¢,
[Y(8)) = |0) — ine'®|1)



Quantum Noise on Qubits



What are Quantum Noises?

« What is “quantum” noise in the first place?

 An operation that changes the state of a sensor to another state
with a certain classical probability.

|W(t;)) probability 1 —p
[(t1)) _){ E|y(t;)) probability p
 Few comments:

 \We may use density matrices for a unified description
£ need not be Hermitian

« We can write a time evolution equation with E (Lindblad eq.)
« |t's a kind of a generalization of Schrodinger eq,.

, E: Noise operator



Thermal Relaxation Noise

 We consider the thermal relaxation noise:
E ={1,04,a=|0)1],a™ = |1){0]}
* 1: No noise
* g,: “Decoherence” noise (erasing the phase information)
e a: De-excitation noise
« aT: Excitation noise

« Among them, at is most annoying, since it mimics the signal
 In this talk, | ask if we can reduce the excitation noise



Correcting Quantum Noise



Shu, Xu, Xu 24, HF, Moroi, Nitta et al. 25, Freiman

Signal-Noise Distinction  ezsise sz

Q. Can we distinguish noises and signals?

—q ~ [ +
iH,t|0) ZGXIO) atl0) 0 =2ai|o)(o|ai
[
Signal: All qubits are excited Noise: A particular qubit is excited

Off-diagonal terms are absent — entangled states can distinguish!

Normal measurements : Do projection Projection measurement by |W) =

measurements with |10 ...0),[01 ...0), ...|00 ... 1)
and sum the probability

= (110 ..0) +01....0) + 100 ... 1))

2
TIZU)HO) p=n°+n?+ ..n* = Nn? P:<77‘—) = Nn?
Y
N



When the Excitation Noise is Too Large:--

HF, Moroi, Nitta et al. 25
W state is no more useful when the noise is too large

« With a W state, part of the signal is lost under noise:
(1 —iH,t;)[0) - aI(l — iH,t1)]0)

« \W state cannot measure n from these states
« \W state is one-qubit-excited state, but multiple qubits are excited



Signal/Noise Subspace

e Let us focus on the Hilbert space with/without noise
(1 —iH,t;)]0), air(l — iH;t1)[0)
superposition of |0) and |W)y (almost) superposition of |1) ® |0) and |1) @ [W)y_1

* |1) ® |0) and |W), are almost orthogonal :

1

- (WD ®10) =0 (%)
* |1) ® |[W)y_q iSs 2-qubit-excited states

« States with/without noise lives almost orthogonal subspaces
oy iyt I &®10),11) & [W)n_1}
« We may do the quantum error correction (QEC)!




Quantum Error Correction

Total Hilbert space Some subspace 1
0= ®[0) 1) =[1)® [W)y_1
ld e.m.ti.f.y_th.e_s.u.b.s.p-é ce
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/I_ogical Hilbert space\

by measurement
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logical space, so —
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Hajime Fukuda (U. Tokyo)



Measurement Protocol

 We want to measure DM while “correcting” errors

« Repeat error “correction” at short intervals

0)1

0) v

DM exposure

Unit interval

Ent

Ent

Final measurement




Ratio of noise and measurement error 7

Numerical Result
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For simplicity, we consider only excitation noises

Green: No QEC

Orange: The best sensitivity, which is impossible
due to unknown phase of DM

Blue, solid: With QEC

Blue, dotted: With QEC and further improvement

(with enough number of qubits, QEC is no more effective and
there’'s more efficient way of measurement)

=With QEC, we achieved the best sensitivity!



Summary

« Excitation noise are crucial for light DM search with quantum
Sensors

 We may reduce the noise by using entangled sensors

« By using the QEC-like protocol, we achieve the best
sensitivity



Sackup



Result for W

« With N qubits, under the thermalization error

« Take the ratio of the standard deviation of estimator of n
« |tis roughly “the ratio of the measurement error of n”
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dotted: Measurement with W-state
solid: With some improvement

Dotted line becomes worse from some point

(the sensitivity is limited by signal strength)
With grouping/GHZ-like state/frequency width,
the sensitivity saturates to some value,
stopping to become worse



-rror Detection for DM Search

» Signal/Noise subspaces are not strictly orthogonal

« Therefore, the syndrome measurement (detection of the
error subspace) should be POVM-measurement

« We propose the following :

Projective meas. : [yp) = P;|y), P; is a projection op. P? = P,
POVM meas. : [¢) = M;[yp), M; is (normalized) “positive op”

My = |0X0] 4+ |[W )XW, | No noise
N o VNN 1
M; = N_1|z>L<z|L+ N3 12,4) (2,1] | i)lz|i)—\/—N|W,

)
Error on i-th qubit 12,1), =2,i) — \/%IS)-

|S): 2 qubit excitation state
|i),: almost i-th excited state, but orthogonal to W
12,i),: almost |i) ® |W)y_1, but orthogonal to |S)

Mg = |S><S|a Rest
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