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Outline

 Introduction
« I'll review the physics of “transmon” qubits

« DM detection with one qubit

e arXiv:2212.03884
 We propose to use a transmon qubit as a dark matter detector

e Qur target is dark photon DM, m ~ GHz ~ ueV

« DM detection with quantum circuits

e arXiv:2311.10413

 We construct a quantum circuit to enhance the DM signal. With N
qubits, the signal is proportional to N2



'Introduction



Quantum Computation and Qubits

 The fundamental piece of the quantum computation is qubit,
a two-level quantum system, |0) and |1)

« By the recent development of the quantum technology,
many-qubit systems gradually become available

« Currently, the system is noisy, but hopefully future development will
make more cleaner quantum systems available.



Types of Qubits

« Currently, there are several types of qubits available
« Single photon
« NVIR
 lon trap
- Transmon qubit (superconducting qubit)

 We focus on the transmon qubit



An example: Harmonic Oscillator

« What is the easiest quantum system? It's a harmonic
oscillator.

« Suppose to use a harmonic oscillator as a qubit:
10) = 10), 1) = aT|0)

 The simple example of a harmonic oscillator — LC circuit

1 1 1 1
H=—=CV%+—=LI?=—=CL?I* +— LI?
C 1 2 2 2 2

We may indeed quantize the system, obtaining
a quantum harmonic oscillator




Harmonic Oscillator cannot be Qubit

e [tis NOT a two-level system!
« Any |n) = \/% (aT)n|0) is the eigenstate of the Hamiltonian
« \We cannot isolate |g) and |e)

All energy differences are the same and
we cannot excite only |1) from |0);
then |2) would be excited from |1)




Transmon Qubit
C
 We introduce a “non-linearity” -1 XJJ
« Replacing L with a Josephson junction
1
H==CV?—],cos6 |
2 We can replace JJ with a
_ S_;Céz + /4 EQZ _ 0(34)] + const. SQUID to effectively tune J,

All energy differences are different;
we can use |1) and |0) as a two-level system




Dark matter detection with one
quDit



Dark Photon Dark Matter

 [n this study, we assume the dark photon dark matter with a
kinetic mixing with the SM photon

1 uv 1 2vy2 € Uuv
L = _ZXHVX — EmXX — EXHVF + LSM
- After solving the kinetic mixing, X,, couples with the SM
current

AL =e(Ay +€X))]iu
« The DM background looks like “X electric field”

5 _ 1 _ :
<X> ~ X1(t) cosmyt, ppy = Em)Z(XZ,EX ~ X



Interaction b/w Qubit and Dark Photon

« The question is, “how does an electric field excite the
transmon”?
AH = CVEd
~ CVdemyX 1y - €) sinmyt
= 21n oy Sinmyt

« Qubits are in a cavity and the dark photon electric field
“shakes” the cavity wall. It induces additional electric field.



-volution of Qubit

 Roughly, the Hamiltonian of the qubitis |In reality, the DM phase is
H=H.+ AH unknown;
10 ’ AH ~ 2noy sin(myt + a)
Hy = > WOy, Then,
AH = 2noy sinmyt Oy = Oy COSQ + oy SIn«a
in H
« We move to the interaction picture; :

_ LiHt
H; = ¢

« With oy, a qubit oscillates |0) and |1). We prepare |0) and
measure |1) to see if the dark photon exists.
[P (@) = [0) +nt|1),p = [(1P)|* = n°t?

AHey "t ~ noy cos(my — )t ~ noy



-xpectation for 1-year measurement

Fr(‘)equency (GHz) « We assume
10

1
- . Coherent time 270 /w, Q ~ 10°

e 0.1% readout error
e “thermal noise” for 1 or 30 mK

* Blue: 1 qubit
e Light-blue: 100 qubits

« Tunability of the frequency is
one of the greatest
advantages of the qubit

10° T ”'1'0'5 - '”1'0'4
Hidden Photon Mass (eV)
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DM detection with quantum
CIFCUITS



Quantum Enhancement

* In the previous estimation, we assume to use up to 100
qubits independently.

 |s it possible to enhance the signal qguantum-mechanically?
* Yes, if we prepare an entangled initial state
H; =nox = H, |1) = 2n|*%)
= HPN|1)®N = +1p|+)®V
 Therefore,
ei(ZH”)t(|+)®N + |_>®N) — eiNnt|_|_>®N + e—iNnt|_>®N
= ([-4)ON + |-)®N)
+2iNnt(|+)SN — |—)®N)

Compared to one qubit: = p ~ N2p2t? ~ O(N?) Il

p ~n°t* = Np ~ O(N)



Quantum Circuit

« We need to prepare |[+)@V + | =)@V (GHZ state) and measure
it by |[-4+)OV — | )@V This can be done by

X X
ti t1 to te
(— : U : |
DM ’7< y ® X

| ~ I | m|
| | | |
: H S : Ubwm : & : _
| T | | T | input output
| ! : ! X Yy X y+X
_ | C) l U | () ]
sensors, |g) s { 1[LZ ] | [0) 10) 10) 10)
= | i | 0y [1) [0) |1)
: H l m: Ubwm :m l : 1) [0) [1) [1)
| T: :T i ) 11 1D (o)
| | - | |
I I | From Wikipedia
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Noise of the System

« Actually, the use of GHZ state is a bit subtle due to the
gquantum noise Huelga et al., 1997

 Roughly speaking, the GHZ state is an entangled state with N qubits
and N times more fragile to quantum noises

* In terms of the coherent time or Q-value, itis N times less

» The excitation probability is p ~ n?N?t2. If T - /N, the
sensitivity is the sameas N =1

e Several ways to evade this:

 [f the qubit coherent time is > N times larger than the DM coherent
time, T = tp) and constant in N

 [f the noise is some special type, we may evade this by QEC



summary



Summary

« We proposed to use transmon qubits as a dark matter
detector

* [t could constrain unexplored regions of the dark photon dark
matter parameter regions

 The use of entangled initial states may improve the
sensitivity
 The evaluation of quantum noises are non-trivial, but we can show
even with large noises the entangled states may have an advantage
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