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Abstract

The tau sneutrino is proposed as a candidate for galactic halo dark matter, and as the cold dark matter (CDM) component
of the universe. A lepton-number-violating sneutrino mass, ¥¥, splits the tau sneutrino into two mass eigenstates: ¥ —> ¥ .
The absence of a Z¥_7_ coupling implies that the lighter mass eigenstate, ¥_, does not annihilate via the s-channel
Z-exchange to a low cosmological abundance, and furthermore, halo sneutrinos do not scatter excessively in Ge detectors.
For the majority of the relevant parameter space, the event rate in Ge detectors is > 102 events/kg/day. The lepton
number violation required for sneutrino CDM implies that the tau neutrino mass is m, > 5 MeV, large enough to be
excluded by B factory experiments. Events of the form %] _lf or jj¢, with low m,;, or m;;, may be observed at LEP2. A
seesaw mechanism is investigated as the origin for the lepton number violation, and several other cosmological and particle

physics consequences of sneutrino CDM are discussed. © 1998 Elsevier Science B.V.

= | learned a lot from Lawrence and Hitoshi about DM (and
other) physics
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1. Introduction



What I discuss today: DM search with quantum bits (qubits)
e)
0 |
9>

Qubit: Two-level quantum system

e Qubit is an essential component for quantum computers
e Various types of qubits have been proposed and realized

* Qubits are excellent quantum sensors for DM detection
[Dixit et al. ("21); Chen, Fukuda, Inada, TM, Nitta, Sichanugrist (22, '23, '24);
Engelhardt, Bhoonah, Liu ("23); Chigusa, Hazumi, Herbschleb, Mizuochi,
Nakayama ("23); Agrawal et al. ("23); Ito, Kitano, Nakano, Takai ('23); Brag-
gio et al. ("24)]
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2. Superconducting Qubit



Superconducting qubit: Capacitor + Josephson junction (J])
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Superconducting qubit has discrete energy levels

0 — Jcos <= Q=CV ~(C

= ]0) and |1) can be used as |g) and |e), respectively



Qubit developed by our colleagues (prototype)

Capacitance pads

N

o

Al Al

e 2D object, fabricated on the surface of a substrate

e Operated with very low temperature ~ O(10) mK



Superconducting qubit couples to external electric field

Capacitor{ |¢d = g (&) (ext)
| —Q <~ Hint — QdE

Charge operator in the transmon limit: CJ > (2¢)*

Q= 0 [ (1) el + le)al)

lg) <> |e) transition occurs if DM field generates electric field

e Hidden photon
e Axion (if external magnetic field exists)



3. DM Detection with Qubits



AC electric field due to oscillating DM field:
EPM) — Fcos(mxt +«) with my = DM mass
Hamiltonian for qubit + DM system

H = wle)(e| — 2ncos(mxt + a)(le){g] + [9){e] )

FdFE

Schrodinger equation
() = HGW) = 16(1)) = Upmi(t) [£(0)
(1)) = wg(t)lg) + e e(t)]e)



Resonance limit w = mx (for nt < 1)

Ve(t)\ ve(0)) _ L de"nt (1bg(0)
(W) = Uou () (we«») - (z‘emnt i )(we«»)

lg) — |e) transition probability (assuming [4(0)) = |g))

(242
n-t : w = myx (on-resonance)

~n%(w—mx)"? :w#mx (off-resonance)

|¢e(t)|2 ~ <

Excitation can be the signal of wave-like DM

e When w ~ my, the transition rate is proportional to #
= We should take ¢ as long as the coherence time

* DM mass is unknown, so we should scan the frequency



Search strategy (with frequency-tunable SQUID qubits)

e For fixed w, repeat the measurement cycle (reset, wait, and
readout) as many time as possible

e Scan the qubit frequency w

Time spent for each frequency

- ~ 10 sec _
[ Reset to |g>] — NrelemS ~ gA
lWait untilt =< | Il L>| Iz”l Il Itirﬂe Lg
Readout ) ( ( *

Reset to Ig) Readout
(hpy=1e): Signal of DM ~20ns ~ 100 ns

I I time
>

>

Time evolution (with Upm)
T~ 100 us



One of possible targets: hidden photon X,
1 1 1

1
L35 =7 Fu " — 2 X XM = e X1 + §m%(XMX“

F,,: EM field

Hidden photon DM induces effective electric field
1

X ~ Xiisin(mxt +a) with ppy = §m%()_(2
o
Y .
C X: hidden photon
o

EPM — _eX = —emy X ftcos(myt + a) < |[ECM| = e/ 2pp0



Hidden photon DM: 1 year frequency scan (1 < f < 10 GHz)

Frequency (GHz)
10°

107 e d =100 um
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e Error rate / qubit = 0.1 %

10—14
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< For C'=0.1 pF and d = 100 pm:
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Axion DM detection with qubits

Magnetic field is necessary to convert axion to electric field

—

Lint = gaWaJEﬁB? = P~ gawa<§(em>>

Magnetic field onto the superconductor may be a concern

e Transmon qubit is fabricated on the surface of Si substrate
(2D object)

e Transmon qubit works with magnetic field of ~ 1 T, if the
magnetic field is parallel to the surface
[Krause et al., 2111.01115]

& More detailed study is underway



Axion DM search: 1-year scan

Frequencylg)(i?-Hz) o B=5T

l l l l l l l l l l l l
107> 10~
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< For C'=0.1 pF and d = 100 pm:
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4. Cavity Effect / Quantum Enhancement



Signal rate can be enhanced with cavity effect

< Qubits are usually set in a “cavity”

Effective electric field: E(cf) = g(OM) o p(EM) — . Fi(DM)
OEEM) — 0 and VEEM) =g

[ E—*‘(|EM)
\

)y

Ni\

& A = Hint = QdE(eﬁ)
(DM) E(IIIEM) >> 2

EII

= Pg—e X K
/

= k> 1, if mpy 1s close to one of cavity frequencies

+ E)‘ﬁDM)]Wall =0 < ET,GfD = 0 at the cavity wall




Axion DM search: with fixed cavity geometry (cylinder)

Frequency (GHz)
102 e B=5T

® qzl

e Error rate / qubit = 0.1 %

DFSZ —— R=4cm

"10‘5 | — "'16‘4
ALP Mass (eV)




Axion DM search: with frequency-tunable cavity

Frequency (GHz)
10!

e B=5T

o x = 100

L1 1 1 1 I R R |
10~> 10~4
ALP Mass (eV)

= In order to always realize |x| > 1, cavity frequency should
be tuned during the frequency scan



Signal rate can be O(NZ) with quantum operations
We may perform quantum operations onto qubits

= “DM detection with quantum computers”

Upm induces pure phase rotation of its eigenstates

E.g. for a =0: Upym = .CO.S(S PO ith 0 =nT
18ind  cosod
. 1
= Upnm|E) = eT|+£)  with |+) = —(|g) +
pM|E) |+) |+) \@(’!ﬁ e))

_ Ugﬁﬂi@]\fq _ eiichS‘ :|:>®Nq



We can design the following quantum (unitary) operation
SR A W B (N LA
RN A A N

Starting with |g)®/a:

1
1. Apply Ucnz:  —= (|+)®N0 + |—) @M
pply Ugnz \/5(\ ) |—)©Na)
2. Evolution with DM: —\}5 (¢1Ne9|4)8Na 4 o=iNad| _yONa)

3. Apply Ugpy:  cos Nqdlg)®™ + isin Ngd|e)®™

Transition probability:

S
Pgse = sin? Ngd = N26% = —= o N3/?5?

VB



Axion DM search: 1-year scan with the entangled state

Frequency (GHz)
10!
o k=1
e B=5HT

e Error rate / qubit = 0.1 %

DFSZ —— N, =100 (GH2)

"10‘5 | — "'16‘4
ALP Mass (eV)



Axion DM search: 1-year scan with the entangled state

Frequency (GHz)
10!

1071 i, o x =100
e B=5HT

e Error rate / qubit = 0.1 %

L1 1 1 1 I R R |
10~> 10~4
ALP Mass (eV)

* We need reliable quantum gates

e Frequencies of all the qubits should be equal



5. Experimental Status



Now, the real search experiment is in progress

Ex.: Watanabe, Nakazono, Nitta, Chen, Inada, Terashi, Sawada, Shirai,
Noguchi

Th.: Fukuda, TM, Sichanugrist
* Qubit development is underway
= Currently, 7, ~ O(1 — 10) psec
e Dilution refrigerator is available
e The first detection run was performed this summer

— The result will come out soon



Setup into the dilution refrigerator
[Cryogenic Research Center, U.Tokyo]

Encapsulate Attach to the coldest part
of the fridge (~ 10 mK)



Preliminary data from the 2024 summer run

SQUID: 3000 points in 23h
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= We hope to announce the first result soon

10~4



6. Summary and Outlook



Superconducting qubit is an excellent DM detector
 We may reach parameter region which is unexplored

 We may use its quantum properties to enhance the signal

The real experiment has been started
 We need to fabricate high-quality qubit
* First run was performed this summer

o Effects of the magnetic field is under study (for axion DM
detection)

* We hope to announce the first result soon, so stay tuned!



Thank you very much for your listening and

[ wish to celebrate great achievements of

Lawrence and Hitoshi



Backup: Hidden Photon DM



Case of hidden photon X,

1 o1 1,
£:£SM_Z ILWX’M —|—§€F/;VX’MV—|—§WXXMXM
F,,: EM field (in gauge eigenstate)

Vector bosons in the mass eigenstates
Ay~ A, —eX, and X,

Interaction with electron

Ling = ey Al the = ety ip(Ay + X))



Hidden photon as dark matter

—

X ~ Xfiy cosmxt

Energy density of hidden photon DM

- 1 . 1 _
2 2 2 2 2
<~ PDM ~~ 0.45 GeV/cm3

Effective electric field induced by the hidden photon
EE) — —eX._} — E(X)ﬁx sinmxyt

EX) — emX)_( = €\/20DM



Backup: Transmon Qubit



Hamiltonian

1 1
0 QC’Q J cos b 2Zn J cos b

7 = (2e)7%C

Transmon limit: CJ > (2¢)* = (#*) <1
[Koch et al. ("07); see also Roth, Ma & Chew (2106.11352)]

1 1

Hy = —n® + =J6? 9*

. 1 , .t 1 ,

a = (n —iwZ6), a' = (n 4+ 1wZ0)
2WL 2WL

= [a,a"] =1



In the transmon limit, anharmonicity is small:

= |e) = aflg)

1 2e
= W91 l—ér

Charge operator in the transmon limit

Q= 2en =/ (a+at) = /S (o) el + le) ol

Interaction Hamiltonian

i = QAE®Y o | S2AB) (1) (] + |e) (o]




Backup: Schrodinger Equation



Effective Hamiltonian
H = wle){e| + 2nsinmxt( |e){(g| + [g){e] )

n: Small parameter
Schrodinger equation:

. d

i— V(1)) = H[¥())

(1)) = by(t)]g) + e telt)]e)

—iwt
ji%(ﬁ):msinmxt(eg}t 6() )(ZZ)



Solution with |¥(0)) = |¢) (for |w +myx| P <t < n™1)

1hy(t) ~ 14 O(n?)

pllw—mx)t _ 1 pllwtmx)t 1

t(w—my) i(w+my

Resonance limit: w — my

= (t) = nt + (non-growing)

lg) — |e) transition rate (for ¢t < n~1)

( 2

~niw—mx)"? tw#my

Pge — ‘we(t)P S 2,2

N LW =My

\



Backup: Frequency Scan



Frequency scan

Frequency scan is possible with qubit consisting of SQUID
and capacitor

=[x soue

SQUID: superconducting quantum interference device

* Quantum device sensitive to magnetic flux

e With SQUID, the qubit frequency w can be changed



SQUID

* Loop-shaped superconductors separated by insulating lay-
ers

Superconductor

¥

|
4 )
— { ® @ }( Insulator
& J
|

 We consider the case with external magnetic flux ¢ going
through the loop




Phases in the presence of magnetic flux

O
O — 04 = (ze)/ A(T) dz
C A A—=C
D B .
@B—@D: (28)/ A(f) dx
/ D—B
S 2T
Opa — O0pc = (2¢) j{A(:L’) dx = (2e) ® = a@
0
Oyx =0y —Ox
h :
dy = —: magnetic flux quantum

2e



Define: 0 = (6 + 0pc)/2
Hgqump ~ —J (costpa + costpc) = —2.J cos(e®) cos 0

Based on the previous analysis with J — 2.J cos(e®)

2J

W=\ cos(ed)

7 = (2e)72C
The excitation energy depends on ¢

= Frequency scan is possible with varying the external mag-
netic field



Backup: Quantum Circuit



Basic unitary operations (quantum gates)

e / gate

Z=g)gl = le)el = |+) % =) with [£) = —=(lg) £1e))

7(\9
e Hadamard gate

= ) gl +1=Mel = 1) = 4), le) = |-)
e Controlled Z gate

=10)(0|®@1+[1)(1|®~Z

C’Z\ 1 —
(!0>+!1>)®!+> f\/ﬁ\0>®!+>+ 1) @ [=)

Sl
Sl



One measurement cycle for the signal enhancement

A

Z

Ancilla 10} I3 &
+

r 19 Al Z Ubwm Z
19) — 1+)

Sensors < Z Uowm %
+

9 192 I: Z Ubwm Z

to

The above is an example of the quantum circuit

= Let us first see how it works when o = 0




One measurement cycle for the signal enhancement

CZ Z
Ancilla S LA S

+

r 19) m |+) > T >
19) =1+

Sensors < H Z Ubm %
+

k 19) m |+) = T Z

A
to

V(o)) = [4) @ 14)%% = —j0) @ [+ + —|1) @ [+

V2 V2



One measurement cycle for the signal enhancement

Z
Ancilla 10} 1) G &
r19) |+) Z ™ >
19) — | +)

Sensors < Z Uowm %
9 192 +) Z Ubwm Z

)

t1

1
U(t)) = —=|0) @ [+)FNa + Zihe —)y &N

A




One measurement cycle for the signal enhancement

CZ 7
Ancila ' QEEE S CZ —

+

- 19) o |+) > Ty >
19) — 1+)

Sensors < H Z Ubm %
+

§ 19) o |+) > Ty 5

A
to

1 . 1 ,
|\If(t2)> — _QZNq5‘O> R ’_|_>®Nq i _e—qu5’1> R ‘_>®Nq

V2 V2



One measurement cycle for the signal enhancement

CZ 7
Ancila QR CZ — =
+
r 19) o |+) > T >
19) |+)
Sensors < H Z Uowm %
+
§ 19) o |+) Z T >
A
K]

| 1 .
‘\If(tg» — _QZNq5‘O> R ’_|_>®Nq + _e—qu5’1> R ‘_|_>®Nq

V2 V2
= ((cos Ny [+) + isin Nyd|—)) @ [+)@Ns



One measurement cycle for the signal enhancement

10) — I+) C.Z CZ

Ancilla H ® HH A
+
(Y T o7
19) —|+)
Sensors < H Z Uowm %
+
- 19) H Al Z Ubwm Z

T (t)) = (cos Ngd |0) +isin Ngd [1)) @ [+)Na

= Ancilla qubit can be excited: Py, ~ sin® Nyd ~ N2§?



The phase o is unknown in the actual search, but...

A

CZ Z
Ancilla Rl iy LRI Y m

+

r19) — 1+ > T >
19) — 1+)

Sensors < VA Uowm %

- 19 +) Z Ubwm Z
1

Py, =~ N§52 cos® o — 5

22
N2

= Signal rate can be of O(N?)

= The number of gate operation can be O(V,)




Circuit only with nearest neighbor interactions
= (# of gates) ~ O(Ny)

0y CNOT

:I/ Ubwm P A
L HH-o—{Um J )

19) w | T U T ‘
192 H Ubwm

CNOT (Controlled-NOT) = |g){(g| ® 1 + |e){e| ® X

= (# of signals) ~ O(N?)

= (# of errors & noises) ~ O(N,) < (# of signals), for N, > 1



