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Evidence of dark matter
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What is dark matter?

Interac*ions

Neutral, non-baryonic, weakly interacting particle!

distance from GBI“G__I‘ (light years]

Particle Zoo

cluster #1 .
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New physics beyond the SM-dark matter

uzzy CDM

i

neutrinos WIMPs

d
Q-ball
¥

neutralino
KK photon
branon

LTP

axion T axino

SuperWIMPs :

l gravitino
¥ KK graviton

' Black Hole Remnant

1

1

1

1

1

mass (GeV)

107107107 107107 1010107 10° 10° 10° 10° 10° 10° 10° 107 10" 10



Possible dark matter candidate

The WIMP Miracle!

Dark matter candidate

Assuming DM is in |
thermal equilibrium-in
the early universe |
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Fermi’s constant introduced in

The relic density:

1930s to describe beta decay
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New mass scale: 100 GeV The weak coupling
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Direct detections in underground lab

Relevant Formulas Possible signals of direct detection experiments
dR PoMOCA? (V) CoGeNT, CDEX, Texono, DAMIC,
The WIMP event rate —— = MT x 2" F2(ER)J ™) 3, Malbek
dER 4 zm-DM'M’% V. Vmin v Ge

Electron Recoil
(gammas)

: i
: ‘e XENON, LUX/LZ. ArDM, PandaX, lonization Super-CDMS, EDELWEISS

Two uncertainties:

Q
A
XY
S
O
S

local measures use the vertical kinematics of stars
Nuclear Recoil
(neutrons, WIMPs) near the Sun

PDM
Global measurement extrapolate rho from rotation Photon Phonon
curve
; : s Nal, Xe CaWO04, BGO Al2O3,LiF
Maxwell Boltzmann distribution: prom € [0.2, 0.6] GeV/cm? ¢ 2

CRESST

3y, _ _ g
d”v = [61‘ f(ﬂ +) erf(n _)] (77_|_ | _)6 | DEAP3600,CLEAN,DAMA,KIMS,XM
V 2\/()77 E TVl ASS, DM-Icem ANAIS,SABRE FHESERp ELelils
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DM Dectections

Traditional methods

Modern strategies

Nuclear Matter
quarks, gluons

Direct
Detection

1 ° Dark Matter
(mass ~ GeV - TeV)

Germanium

recoil energy
(tens of keV)
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'\'s 2%
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~™
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phonons
g
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arxXiv: 1305.1605

Dark Matter

Leptons
electrons, muons,
taus, neutrinos

Indirect Particle Astrophysical

Detection Colliders Probes
DM SM

Photons, Other dark
W, Z, h bosons particles

Low B (pp)
High Luminosity

DM coupling to SM induces 7 interactions.

;

Low B (lons)

Low B (pp)
High Luminosity
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Status

Status What for next?
10—38 “ “
§ CRESST-II
107 e
10—4(); P M : H
= B Precision calculations of scattering cross section;
o 1077 E B Systematic study of neutrino floor;
5 ek B Exploring new direct detection technology:;
S 10
= ol Il Moving to low mass regime, investigating sub-GeV DM;
‘2 - L B Moving to high mass regime, superheavy DM;
£ o B MOND;
B Non-particle DM: PBG Q-ball..
10~ LB EETHR _
10~ TR FETEE R
107% ] el L

2 3 5 10 20 30 50 100 200 500 1000
WIMP mass [GeV/c?]

[a—
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WIMP-nucleon cross section [cm?]
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1. In Situ Measurement of Dark Photon Dark Matter Using Parker Solar Probe: Going beyond
the Radio Window, H An, et al., PRL 134 (2025) 171001 3 & #% & A PRLIY 2% 584 17 Al
YIS A, R E RO EIRIE
2. Axion-inflation baryogenesis via new U(1) gauge symmetries, Wei Chao, et al., JCAP
02 (2025) 030;

3. Probing Sub-eV Dark Photon, Scalar and Axion-like Particle Dark Matters with Transmon
Qubits, Wei Chao, et al., Phys. Dark Univ. 50 (2025) 102171;

4. Pseudo-Dirac sterile neutrino dark matter, Wei Chao, et al., Eur. Phys. J. C 85 (2025) 8, 855;
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Outline

V O Detecting bosonic DM with transmon qubit

Probing light bosonic DM with transmon qubits,
W. Chao, Yu Gas, Mingjie Jin, X.S. Liu and Xilei Sun,

Phys.Dark Univ. 50 (2025) 102171

O
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R =LY

Superconductor 1 Insulator  Superconductor 2

Cooper Pairs N, Cooper Pairs N,

Phase ¢1

Supercurrent «< @

. . n=N;—N;
Dynamical Variables =
Q= ¢1 — ¢2 Equivalent to simple mechanical
pendulum.
H=4ECn2—EJCOS(P T ﬁj X
. | | <

Tirereiaai Lypes oF supercanpueing Yublis Transmon qubit SQUID Josephson junction

Charge Qubit Phase Qubit Flux Qubit
) (a) (b) (c)

¢ E,
=73 VT E, | 3 | For the introduction of superconducting qubits, | refer
you to prof. Zhihui Peng’s slide for detail.

||}-
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Pictures taken from arXiv: 2405.17192
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107

o Chen, et al., PRL 131, 211001 (2023)

L o
Hy=—CV-—Jcos0

Hamiltonian 5

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

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

Poe(t) 20.12 X K*cos’® o
gers 10-11 1 GHz

y t \%?( C d 2
100 ps 0.1 pF/ \ 100 pm

PDM
X 9
(0.45 GeV / cm3)
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I|35% £ - BE 4D o

2= LEYFHR

dn
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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5= F et Rl & g1

d3q
(2m)’

o, Nn

The number of phonon per R = %i[d%@(v)[
unit time per unit mass: PTH

F2 ()S(q, ®,)

dR
E=Jda)a)><—><M><T

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

: : € € dR
Produced quasi particle ”lc/]p=N/V/T=—prT=—[dww—XpT
density per unit time: 2A 2A dw
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—F F" ——X X" 4+ —F, X" 4+ —m}

gDPD_LI_ HV 4/“/ 2/41/ 9)
1
RDP = @Kzlm [ ]
Pt e(w)

n,, < 0.04 um=>

D. Riste et al.,, Nature Communications 4
(2013), 10.1038/ncomms2936
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Outline

V O Sterile neutrino as the dark matter

Pseudo-Dirac sterile neutrino dark matter
W. Chao, et al.,

EPJC 85(2025)8,855

WEI CHAO
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* Non-zero neutrino masses predict the existence . ‘
e Super-weak neutrino: Freeze-out in the early

Universe (Oliver& Turner 1982)
e KeV sterile neutrino: non-resonant produced via

of sterile neutrino.
e Sterile neutrino mass may range from the eV

scale to the GUT scale. . o . o .
, , , neutrino oscillations through a tiny mixing with
e Active neutrinos is stable but cannot be dark . . .
, active neutrinos(Dodelson&Widrow, 1993)
matter candidate. . .
, , e Cool sterile neutrino DM: non-zero lepton number
e KeV-scale sterile neutrino dark matter can solve . .
, resonant enhanced production (Shi&Fuller,1999)
the small scale issues of the cold dark . . . .
, e Detection of sterile neutrino DM via the X-ray
matter( core/cusp; massive halos...).
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P IXT-S HEZ T

=

L

S A ARt

W w ¢ ¢
| - - -
/4 v N, W v

sin? 20 m. \’
7% 10-11 ) \ 7 keV

—
i1

I, =1.62x107%""

- ) _ ____ — — = — P—

4Good The life-time of a keV scale sterile neufrmo is longer

. fhan fhe age oF ’rhe unlverse

A v 18T B 42 5T

ST” T
S LG FR A
1076 KA TRy I ﬂ ﬂ T
-8 RIN reqep, L overproduction
S 1012 | 2 |
S =
= 114 © X rays
10—16
10—18 i
.etal, PRL 124(20201081802
1l
10-20 underproduction
AT
1 10 10° 10°
my (kGV)

————— -  -— = = ——

1 Wha’r we fry to do?
| * Exploring possible solution to the problem of DW mechanisms ;

el | Further exploring the potential of sterile neutrino dark matter

4No’r too good Too much s’rerlle neu’rrlno dark ma’r’rer in galaxues | model in releasing the Hubble fension,

so it can be constrained by results of standard X-ray -
astronomy.
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R S TR R B A

: Z q - v | é‘ a KT FR .
;f}iK 2 gPseudo—DiraC — MSLNR T ESL’MSI? +h.c. /% ) ] 7I:E] ﬁ/ﬁ; }ﬂ /7 ﬁ;}% ﬂ‘ﬁjﬁ ]i
C
=l<S NS) (¥ M\ (S +h.c _ _ NR(?SL 1 —
2 VE TR AM 0 )\ N, o L ~ dygNR+dygSf+/%S_LNR+EﬂS_LSLC+EuN,§NR+h.c.
A 6y -F: Inverse Seesaw Mechanism v o o) (veC
1 1% L
0 M, 0 o Ni(yg S, NS)| o« wu #]|SE|+h.c. <
M=IM), p M M, ~ MpM—pMpM- g Mp )| Ny 1 0 0 0
0o - __L Cl2 —S12
0 MT 0 . Vos = V2 V2 Vip = [512 C12 O]
aEE: U=V V 0 L - 0 0 I
j%_ELZI&/JEk <S£>=UT<SL> U_(cosé? —sinH) <1 0) 2312 \ V22 /
n = AL Sy . S? Ng sinf cosf /] \0 e jjﬁ\ f;ZZIR/fJE’fE: ]\451 ~ M+ u MSs ~ M — U
= A -+ a ~d .
S = ANAEAR M, ~M=xp #B fL’f/]? B : v = cos 0, v + sin0),s,
2 k. A Pseudo-Dirac fermion = two Majorana 2 k. Only s, can be produced in the early universe via neutrino
ANINIR g = S . . IO 2 e
- fermions with nearly degenerate masses - oscillation and the process s; — U + ¥ is allowed.
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my << my < mg

No Yukawa interaction between s; and s,!

N 4
['(s; =5, +A) = : o il 1 — -
B: %) Aa ZAE - L 33%x 1025 \10-55) 10keV \  m?
< +oC L NC L. 1.5 = LT — 1 " \? m sin @\ 2
S, ¢S; + NN, — 5 sin 207 s, + 7 sin 8v“¢v“+zcos O5,¢s, + Syps, + -+ I'(s, > v, +A) ~ g 5
2 4.2 %1025 \ 10-15 ) 10 keV \ 10-5

No Yukawa interactions between s, and other fermions!

For tiny g, sz can be dark matter candidate

C: #3848 24 A produced via the decay of s;, which is produced in
Sy, + Ny*N, — — sin 07;/*P,s, + cos 0537*Pys; + h..c. the early universe via neutrino oscillations
sz couples to both s; and active neutrino via a

vector field! my, > 2my, and Mg, + My > mg, S| = 5 +5, )
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e S in the early universe via neutrino
oscillations (DD Mechanism)

Is produced

["sin’ 4 le

my ) —

I'(N, > N,A’
2¢.EHz (1 = Mo

Tn2 Mo r

. E 2(1%—>19+A’)
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S1 participates the electroweak interactions and is produced
via neutrino oscillations in the early universe, but later on, it
will decay into lighter component s; and A. While sz cannot
decay into active neutrino and gamma!

Even if A mixes with the photon through kinematic mixing, the
scattering cross section of the dark matter off the electron is
still small, as new interaction is very weak.

DM decaying into dark radiation may change the effective
number of neutrinos!

WEI CHAO (BNU)

Big Pang 11 12 13

Now

S N R N o

t,-t.. Production of the heavier sterile neutrino

t.. Freeze-out of active neutrinos
t2-13. Decay into lighter sterile neutrino state

t3-now. Sterile neutrino DM decays into active neutrinos

During the epoch 1, <t < f;, the process s; — 5, +A" may
increase the Nesr

. | ms ,
pa+4Hpy X ) I - ) ps L (s) = 5,A7)
dr, 1

4/3
8 (11 Par
CMB _ A
ANeffMB = — <—> —
dt

= —HI, 7
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. . 7 1/3
Etfective number of nevtrinos: = |1+ (-) Nl p,

4/3 4/3 4
8 /11 11 T
NSM = Z <—> Pv _4 <—> <—> ~ 3.046
7\ 4 P, 4 T,

v Dec ete” — Yy
Boltzmann eq
. _ dec __
dpyy Psm + 3Ii(IDSM + PSM) — %coll Tdec — 150 MQV Ty — 248 MeV
+ 3H(py + P) =0 — Ve U,T
dt ,0.1/ + 3H(py + PD) = + Cgcoll
Constraints, PDG
According to the chain role:
Model 95%CL Ref.
dT €, +26, CMB alone
~ = —4Ht + - P118[TT,TE,EE+lowE] ACDM+Neg 2.927 050 [34]
di 12p,/T, CMB + background evolution 4+ LSS
dT 4Hp,+ 3H(p,+ P,) + €, + 2%, + 3HT dP,,/ddT, P118|TT,TE,EE+lowE-+lensing] + BAO ACDM+ Neg 2.997 53 34
R A ‘ . ” + BAO + R18 ACDM+N.g 3.2740.15 (68%CL)  [39]
dt op, 10T + 0p,/ 0T + Td*P;, /dT? ” ” 45-params. 2.85+0.23 (68%CL) [38]
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p,, = SM neutrinos

Pr : Other relativistic energy densities

,0R=,0y+,0y+,0;g *

Effective numbers of neutrinos at CMB is a signal of new

physics beyond the SM! (CMB stage IV: ANeff = 0.03)

Al\Ieff
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istances 32 ‘ M M M “‘
= —= v Light sterile neutrino | Our Strategy
Gaia+Cepheids+SNla 2020 82213 Planck+ACTPol+SPTpol_EE 2021 68.7 +1.3 | ,\!
eBOSS_BBN+BAO 2020 67.35 + 0.97 W Neufrino asymme‘l'ry
Megamasers 2020 739 £3.0 SPT-3G_TE+EE 2021 68.8 +1.5 ° S deca S in-i-o dark I”CldidﬁOn ‘1
TRGB_Dist_Ladder 2019 ' 69.8 + 1.9 — 4 DeCGY DM bl Y d'
vLons Time Dol —— g1 ACTPol_DR4 2020 67.9 +1.5 : : : ut this process is constraine
e e v Neutrino DM interactions P
XMM+Planck_tSZ 2018 67 +3 ep by -|-he CMB
Planck_PR3++ 2018 T Planck PR3 2018 07902 0.5 v Neutrino Majoron interaction . ,
LIGONIRGO, grav. waves 2017 70.0 +129 — Y d ; ; e s, further dQCGYS into dark |‘
‘ == ' SPTPol 2017 /1.2 +21 " 1 . . . .
oDt Ladder 2015 67311 “ FIMP decay info neufrino radiation and active neutrinos
WMAP9++ 2013 68.76 + 0.84 WMAP9 2013 70.0 + 2.2 | . |
Cepheids+SNla 2011 738+2.4 - oo which enhances the Neﬂ: and |
+ |
ﬂ * .
CHANDRAHSZ 2006 73.7 Y92 SPT 2013 75.0 + 3.5 results in a larger HO
HST_Key_Project 2001 72+8 | ST S S [T SN ST ST U (NS S ST [ ST SN ST S [ T ST SN N N
A T DA T T 55 60 65 70 75 80 85 1 m2 1
55 60 65 70 75 80 85
Hubble Constant, H , km/s/Mpc Hubble ConStant’ Ho’ km/s/Mpc pA' + 4HIOA’ ~ — 1 - _2 pS F(Sl — S2A ,) + _pS F(Sz — I/A ,)
LAMBDA - February 2021 LAMBDA - February 2021 2 m12 I 2 2
dT 1 | 1 ] 7 72
1% T
—1 —1 _1 _1 — _4le/ + _IOSZF(SZ — I/aA,) ,0; =72. ——Tj
H,= (73.24 £ 1.74)kms™ Mpc™ V§ H, = (67.27 £0.66)kms™ Mpc dt dp, /0T | 2 | { 30
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Class+MontePython 5
I ACDM DNDM DNDM
Planck+BAO | Planck+BAO |Planck+BAO+R19
Param mean—to mean-to mean-—to
100 wy 2.24270013 1 9 .241F0-010 2.258 0072
) log,o(I'1) >5.199 >5.32
@ H 67. 7+° 40 68.3119-24 69.2170-58
l O1010A 3. 049+8 014 3. 056+0006114 3. 065+8 016
06164: | 5 ’ +8 8%)39 +00 0001563 +8 8(1)54
N 0.9664109957 | 0.97370- 002 0.98051 0 0oas
Treio 0.05718 5 oore |0.057741 0 00s | 0.061551) 0oxa
Wy, 0.11947 500095 | 0-1278% 00086 | 0.132970 Core
| £ <0.06889 0.0923310 0%q
7& o8 0. 8104+8 ooas | 0.8189770-0977 | 0.824377:995°
R — In Lmin = 1412 .44, minimum y2 = 2825

5 78 66.7 69 1 71.60.119 0.13_3 0.1470.015 0.075 0.135
wll\?ll
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Thank You for
Your Attention!
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