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Possible dark matter candidate

The WIMP Miracle!

Dark matter candidate
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DM Dectections

Traditional methods

Modern strategies

Nuclear Matter
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Outline

O Gravitational wave signals of dark photon dark matter.

Oscillations of Ultralight Dark Photon into Gravitational Waves

Chao, Jingjing Feng, Huai-ke Gul and, Tong Li, Nucl.Phys.B(2024)

O Constraining exotic light DM with superfluid.

Axion and Dark Fermion Electromagnetic Form Factors in Superfluid He-4,

Chao, Sichun Sun, Xin Wang, Chenhui Xie, Phys.Rev.D (2024)

O Constraining bosonic DM using transmon qubit

Probing light bosonic DM with transmon qubits,

Chao, Yu Gao, Mingjie Jin, Xiaosheng Liu and Xilei Sun, e-Print: 2412.20850 [hep-ph]
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https://arxiv.org/abs/2412.20850

Outline

/ O Gravitational wave signals of dark photon dark matter.

Oscillations of Ultralight Dark Photon into Gravitational Waves

Chao, Jingjing Feng, Huai-ke Gul and , Tong Li, Nucl.Phys.B(2024)

O
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https://arxiv.org/abs/2412.20850

Gravitational waves from DP oscillations

Where to start?: Photon-Graviton oscillation

Action

EOM

Oscillation probability

Two flavors

WEI CHAO

G. Raffelt and L. Stodolsky, Phys. Rev.
D 37,1237 (1988).
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Local relic density of GW

Energy density

1 ly R
pLGW(l‘O) = J dtJ drL(r) - f(r, 1, — Nanr? .
Voc Ji—or Jo

Z: luminosity of the oscillation

Flux of GW
3

dnpyv(r) Rd°r -y

Dow = - R={ T
1, cAT<R-—1r, dE 471-‘ ;—) — d‘z | P(y = Gy )X x 1.02%x 107, L<oT,

f(r, AT) = %(1 ""2+0227,§§j:R2), ¢AT >R —r
> _ _ _ _
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Local relic density of GW
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Dark photon oscillations in the early universe

Mechanisms for the production of primordial dark magnetic field

O PDMF can be generated during the pseudo-scalar inflation, ¢, with the
b ~
4rf, |

O PDMF can be produced from the axion oscillations.

Chern-Simons interaction,

O PDMF can be generated from the oscillation of photon in the axion or some
other exotic background.

Redshifted as (1 + Z)_2

WEI CHAO 9



Dark photon oscillations in the early universe

Paw =FE n
At ~ ULDP "ULDP

R (v = SGW) ,

dz
2)’H(2)

<]
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Q) = = ! [f; ,

B(z;) ~ 1 Gauss

ULDP Oscillation
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Outline

O Constraining exotic light DM with superfluid.

Axion and Dark Fermion Electromagnetic Form Factors in Superfluid He-4,

Chao, Sichun Sun, Xin Wang, Chenhui Xie, Phys.Rev.D (2024)
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https://arxiv.org/abs/2412.20850

Direct detections of light DM

Problem: Kinetic energy of light DM is too small Strategy-1: Boosted DM
de dq P 9]
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Direct detections of light DM

Strategy-II: Searching for DM using Condense Matter system!

keV
arXiv:

eV

Energy deposited w

meV

DM mass|DM energy or momentum CM scale
50 MeV Dy ~ 90 keV zero-point ion momentum in lattice
20 MeV E, ~10 eV atomic lonization energy
2 MeV E, ~1eV semiconductor band gap
100 keV b, ~ 50 meV optical phonon energy
Fermi’s Golden Rule
12, ( Vd p; |
= ——Z | dvf,(v) . =Y APyl AH, i, p,) 1> 228(E; — E; — w)
Pr m)( J ( ﬂ) f
~ g3
= | % [ 44 dwg(q, ®)V(q)S(g, w) .S(q, @): dynamical structure
Pr M, J (2rm)? factor from condensed matter
L Py 7T5(Q>J qdq
= d . (g, w)) X S(q, ~
prm, uz ) (2w DN ming> @) X (g, @) ”.V(q): potential felled by DM
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Direct detections of light DM
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Phonon (quasiparticle) in Superfluid

Helium-4:
the spontaneous breaking of the U(1)
symmetry as well as the breaking of the

boosts and the time translations iIin the
superfluid He-4.

A Goldstone-like particle from

Action of phonon field

Sint ~ Jd4x \/E_ Cs
n
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u? db

2 du

. i b [u
| ,Mb) ﬂFOpFOp — ,ub()jﬂF]FOi + EﬁcsaﬂﬂdynF”pF’;)

Detecting light DM using superfluid

Momentum (A™")
0 T T T T 1 T T T T 2 T T T T 3

- quasi-particles

— stable — 145

Energy (meV)

0_0....l.........l...Il.....,_,_.,‘_
0 1 2 3 D, 4 5 6

Momentum (keV)

Phonon-photon conversion
in external electric field

* A. Caputo, A. Esposito, E. Geoffray, A. D. Polosa, and S. Sun, Phys. Lett. B 802, 135258 (2020), arXiv:1911.04511 [hep-ph].
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DM electromagnetic form factors in superfiuid

A 1

- . _ i} i .1 .
Lagrangian: S« = / d*x |y (ig = my)x — &gy x @ Fuu = Brr' X Fuu = SX0" X F = 7 Gayy@F u I = 2 oy aF " + Hoc,

1 1 1 '
+ g Fu k" =2 aX)F W F* = S b(X)FWF;0,$0,0 |,

a: charge radius; [/: Anapole moment; /: magnetic moment.

Feynman diagram for DM- q
Helium scattering: OB [T b (w06 -+ o),
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DM electromagnetic form factors in superfiuid

2

O dI’ naza
Event rate: /dv fme(vy) &: / da)g, —=—" |E |*wjcos*Op,

do do 4rcimy,v,

mHeﬁmX o

Projected constraints:

1 2
M., ,
167(m, + m,)*  Mye (@D iz, m

O, =

chargeradius: [M,,(q)|> ._. . = 64nd’a,,mim?

q"~=0emMe X7
(20a)
— anapole moment
anapole moment: | M, (q)|’ Peaz w2 = 1672 Ammyq”, —— magnetic dipole moment
(20b) — charge radius
1 10 100 10°
magnetic moment: ‘Mxe(q”zqz—a%mmz = 1672°a.pm; Chao, Sichun Sun, Xin Wang, andm(/l:ﬁaes;’ﬁlwe)‘éle, PRD 2024
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Detecting ALP using superfluid

Why? (1) No DD constraint on this coupling ; (2) There are already
strong constrainton g ..

10°3
« D
" m . Wang, and C.H. Xie, PRD 2024
A/’L T olr ~~~$
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Cs c c -
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Outline

O Constraining bosonic DM using transmon qubit

Probing light bosonic DM with transmon qubits,

Chao, Yu Gao, Mingjie Jin, Xiaosheng Liu and Xilei Sun, e-Print: 2412.20850 [hep-ph]
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https://arxiv.org/abs/2412.20850

Superconductor 1

Insulator

Cooper Pairs N;

Phase ¢1

Dynamical Variables =

Charge Qubit

Supercurrent «< @

Phase Qubit

Cooper Pairs N,

n=N1—N2
®= 01— 0o
H =4E:n? — E cos ¢

The 3 Main Types of Superconducting Qubits

Flux Qubit

(pcxl
} % Ib
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Transmon qubit

Superconductor 2

|
¢

¥

Transmon qubit SQUID Josephson junction

(@) (b) (c)

Equivalent to simple mechanical
pendulum.
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Superconducting qubit as a light DM detector

---------------------------------------------------------------------------------------------

Josephson Junction  Cs S0 | | | | e

' QP tunneling ' . R e O . /]

Absorber N Absorber in OCS I g I I n g | N ) 7 odd _
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n: number of Cooper pairs on island 0 1 2 3 4 5 6 7 8 9 10

Time (ms)

A

¢: phase difference

n.: offset charge Plots taken from arXiv: 2405.17192
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Frequency (GHz)

Transmon qubit as a dark photon detector
j___Chen, et al,, PRL 131, 211001 (2023) _

107 10
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Hidden Photon Mass (eV)

WEI CHAO

Hamiltonian H, = ECVZ — Jcos 6

] DP induced electric field E* = &\/2ppyiiysinm,t

| >Oscillations between the ground state
| and the excited state!

Poe(t) 20.12 X K*cos’® e V(1
gers 10~ 1 GHz

§ t \%?( C d “
100 ps 0.1 pF/ \ 100 pm

-4
10 % PDM
0.45 GeV/ cm’ /)’
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Transmon qubit constraint on bosonic DM

dan

Quasiparticle excitation: dqp = — [, —I';+ 1  * Phys Rev.Lett. 117, 117002 (2016).
[

| »: Recombination rate I'r = fn}%Q

' #xTrapping rate I'7 = Flan

| '+ Generating rate induced by DM absorption or scattering!

In equilibrium: = fnép + ['pngp
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Transmon qubit constraint on bosonic DM

o N, d’q
The number of phonon per R = [d%f(v)[ Fz (9)S(g,m,)
Pri? g 2m)3 ™ !

unit time per unit mass:

dR
E=Jda)a)><—><M><T

Full phonon energy: do
Number of quasiparticles Nzia)RMT
produced: 24

5 5 dR
Produced quasi particle '/ =N/V/T = —wR =—[dcoco—><
dene: o ap oA PT T oA do T
ensity per unit time:

24
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Pt e(w)

n,, < 0.04 um=>

D. Riste et al.,
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Nature Communications 4
(2013), 10.1038/ncomms2936
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Transmon qubit constraint on the DP
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Transmon qubit constraint on Scalar and ALP DM

f=e,p,n
1014 \\~~“s
o e
10°

White Dwarfs
10°
Fifth force Chao, Y. Gao, M.
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