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Introduction to DM




Hierarchical Structure of the Universe

solar system

Earth (10 *1y)
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parallax
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Cepheids
distant

13 standards
1 light year = 10"~ kilometers

Voyager 1, launched in September 1977,

Copyright © Addison Waslay

only exited the solar system in 2012, and

is "just" about 20 billion kilometers away
from Earth!

0

—
H

Hubble's law: d



How to "Weigh" Celestial Bodies?

|lllllllll|ll
0 2

N

%
I'Z;u":h )

Moon

= RS, KIUBEION.
e



Newton's Laws

GMm - my’

r r




Orbital Velocity, v (km/s)

Rotation Curve in Solar System
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Rotation Curve in Spiral Galaxy

Expected
from
luminous disk

10

R(kpc)

Kent Ford

M33 [Rotation Curve

Completely different from
the square root decline Possible non-luminous
law (Kepler's laws)! (dark) matter



Gravitational Lensing




Bullet Cluster: Compelling Evidence for
the Existence of Dark Matter

' .'. ‘ ; ..’ E

Clowe et al. (2006
Red: Mass Distribution of X-ray Gas owe et al. (2006)

Blue: Mass Distribution from Gravitational Lensing 10



Large-Scale Structure: Cold Dark Matter

<

T
"
&

Millermiat Similations
-+ 10.077.696:000particles

1 apah

e

The Millennium Run used more than 10
billion particles to trace the evolution of the
matter distribution in a cubic region of the
Universe over 2 billion light-years on a side.
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:; 1 1 T -
1000 1 2 3 5.5 6§77 BEB
Baryon-to-photon ratio 1

Cosmic Microwave Background(CMB) Abur)dance of .I'ght elements
iati i : predicted by Big Bang
Radiation Anisotropy: Nucl BB O -0.05
Q,~0.05, Q,.~0.25 ucleosyn esis(BBN): Q,~0.
(Fields and Sarkar 2004)

The nature of DM is different from baryonic matter! )



Can we see DM with telescopes powerful
enough?

Thirty Meter Telescope (TMT) James Webb 6.5-meter Space Telescope

14



Do the laws of gravity hold true
anywhere and anytime?




Attempts to Modify the Laws of Gravity

Stacy McGaugh (2011)

 NGC 1560

80

1
60

40

Newtonian stars & gas

20

0

0 e 4 6 8 10
R (kpe)

Sometimes effective, but more often fail.

Newton/Einstein's laws of gravity have been precisely
tested on various scales. 16



The laws of gravity have undergone
rigorous testing.

Space-time is swirling around a dead star,

proving Einstein right again

WS By Charles Q. Choi published January 31, 2020

Space-time is indeed churned by massive rotating bodies, as

scentist Eijnstein is right again! Scientists prove

0 @ ¢ that plunging regions exist around black
holes - a theory flrst proposed by the

‘ physicistin 1915 e

« Scientists have proven the exist
 This discovery confirms theoreti

By WILIAM HUNTER
PUBLISHED: 05:05 EDT, 16 May 2024 | L

FIEE © [C1ES

Over 100 years on, scientists have f Black I“'Ie "Wate"a“" ﬂiscﬂverv Ilmves
about the nature of black holes. Einstein rignt again

By Eric Ralls




General Relativity: Prediction and
Confirmation of Gravitational Waves

I
Inspiral

'l — Numerical relativity

I Reconstructed (tem
I

Merger Ring-
down

|

Plate)|[Erom LIGO website

|| = Black hole separation
=== Black hole relative velocity

0.30

0.35
Time (s)

0.40

O, N WPN

1916: Einstein predicted gravitational waves
based on General Relativity

2015: LIGO/VIRGO detected GW150914
2017: Nobel Prize in Physics awarded to
Weiss, Barish, Thorne

&3 The Nobel Prize in Physics 2017

“ Nobelpriset i fysik 2017

THE ROTAL SWEDISH ACACEMY OF SCIENCES

Med ena hilften till och med den andra hélften gemensamt till
With one half to: and with the other half jointly to:

“»

o

~ (\ 1 i Gl s M S

g Rainer Weiss Barry C. Barish

] LIGONIRGO Collaboration LIGO/VIRGO Collaboration LIGO/NVIRGO Collaboration

©

=l for avgorande bidrag till LIGO-detektorn och observationen av gravitationsvagor”

% “for decisive contributions to the LIGO detector and the observation of gravitational waves”
wn

October 2017 © Kungl. Vetenskapsakademien
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General Relativity: Prediction and
Coirmation of Iack Holes

——

0.1"

THA

Space

—
[ ! 1 £ ),

| ‘ | 1|
1 "\' —_—

1995-2017

1964-1970: Penrose and Hawking mathematically confirmed the existence of black
holes based on General Relativity
1995-2016: Genzel and Ghez discovered and confirmed the supermassive black hole
at the center of the Milky Way

2020: Penrose, Genzel, and Ghez received the Nobel Prize in Physics 19




Precise Testing of General Relativity
Near the Galactic Center Black Hole
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The GRAVITY experiment's measurements of the orbit and
velocity of the 52 star around the Galactic Center black hole
have precisely validated General Relativity in strong

gravitational fields. 20



Event Horizon Telescope Imaging of a

BIaCk HOIe EHT collaboration
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Dark matter matters!

A
(o%
%3 y
R/
7,
7,
7
L e
- .
: baryon - »:f
3102 F-==--=eme--cee=e=-- -
dark matters
10—4 E_ ’.I g
»;‘._.—-" aryon + dark matter
Primordial R Y
ﬂUCtuatlonS R =3><‘|0_5 Rd =10_3 R
eq ec

Without DM, galaxies wouldn't have had enough time to form,
so there would be no Milky Way, no Solar System, and likely
no you or me! 22
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Properties of DM




What is Dark Matter?

DM is an unknown substance inferred from astronomical observations. It
doesn't emit light or electromagnetic waves but affects celestial bodies and
the universe through gravity on large scales.

DM is unevenly distributed, forming structures of various sizes. Overall, DM
has five times the mass of ordinary matter, but its distribution varies greatly.

full box " :

»




What is Dark Matter?

* Neutral, uncharged

* Weakly
interacts with
visible matter

e Stable
e Massive

e Cold




Dark Matter Around Us

> DM density is about 0.3
hydrogen atoms per cm?’.

> Assuming a DM particle mass is
100 times that of a hydrogen
atom, there is roughly 1 DM
particle in a teacup.

> About 100 million DM particles
pass through our bodies every
second.

> The total mass of DM within the
Earth's volume is approximately
0.5 kilograms.

> |n the Milky Way, the mass of
DM is about 10 times that of
stars and gas.

26



DM Candidate Models

1904.07915, TASI lecture

QCD axion WDM limit unitarity limit
1022eV ey keV GeV 100v My 10 M,

“ _ T | — —

““Ultralight” DM “Light”’ DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc)
non-thermal dark sectors black holes

bosonic fields sterile v
can be thermal

* Primordial Black Hole (PBH)
e Ultralight Dark Matter

e Weakly Interacting Massive Particle (WIMP)



PBH Dark Matter

* Macroscopic
Objects

Standard
history of
the Universe

e Primordial Black
Holes

e Asteroid-sized

History of

primordial black el L ey @

with primordial
black holes

holes could serve -

rim
black holes

rst stars ' X
aS D M . 0 380 000 years  300-500 million years Billions of years




|Is DM made of black holes?

Ketov & Khlopov (2019)

; 10—15 10— 10 10—5 1 105 1010
NHN .
EG :
0.010 :
S 0.001}
- i
10—4 ;
103 3
i I“"‘ These constraints should be reconsidered !._I
10_6 L15 L 10 1 = A Ls 110
10T 107 107 1 10 10
M/Mgo

Even if black holes can constitute DM, they can only account

for a small fraction of the DM in the universe. .



What is Dark Matter?

three generations of matter interactions / forces
(fermions) (bosons)

mass [~ 2.2MeV 1.3 GeV (~ 173 GeV N (o N [~ 125 GeV
charge | +2/3 ‘ 2/3 : 2/3 ) 0 4 0
BttBF soin |12 (UEEE || GEGED || GEEED || @ "\
| uw | charm JI top \ gluon ) Higgs
hydrogen
e V) Coavey ) (=osMev )\ (=4z26ev ) ([0 )
atom R 13 ; 1/ 0 4
g 1 d h ‘ s | h b 1 @
cy down strange || bottom || photon
. 7 \L < \. 7 \L »
(~0511MeV ) [~ 106MeV ) ([~1777Gev ) [~80.4Gev ) n
Q electron & proton 1 1 1 r1 g
12 e 1/2 pl 12 S 1 B | =
A_ O,
w0z
electron muon tau W boson|~ &
\. J \\ J \\ J \\ J m (7))
(< 1.0eV Y(<017ev ) [<182Mev ) (~91.2Gev ) 8
0 0 0 0 4 w o
1/ ve 1/ vp' 1/ V‘r 1 LDD o
|._
< O
electron muon tau Zb w
A . . oson
_ neutrino J (_ neutrino J (_ neutrino J O >

Properties of DM: stable, slow-moving (cold), non-baryonic, weakly
Interacting
DM is different from any particles in the Standard Model, likely a

new particle (or particles) beyond the Standard Model—new physics!
30



The Standard Model of Particle Physics and DM

* No body knows what
DM is

e Not in Standard Model

* There are good
guesses

Not
neutrinos X

mass
charge
spin

LEPTONS

Standard Model of Elementary Particles

interactions / force carriers

three generations of matter

(fermions)

(bosons)

=2.2 MeV/c2? =1.28 GeV/c2 =173.1 GeV/c?
b} '
up J charm J top J l luon
=4.7 MeV/c2? =96 MeV/c2 =4.18 GeV/c? T )
- Y - 0
» (@ » & » .
v 4 4
down ) strange ) bottom \ photon
=0.511 MeV/c2 =105.66 MeV/c? =1.7768 GeV/c2? =91.19 Gevlcﬁ
-1 -1 -1
@ ('@ @ || @
electron muon tau Z boson
€ J \ \ J \
<1.0 eV/c2? <0.17 MeV/c2 <18.2 MeV/c2 =80.39 GeV/c?
0 0 0 +1
- @ @ |® || @
)| electt:on muon tau- W boson
&1 neutrino )| neutrino )1 neutrino J |

=124.97 GeV/c?
0

o H
higgs

GAUGE BOSONS

VECTOR BOSONS



The Standard Model of Particle Physics and DM

* No body knows what
DM is

e Not in Standard Model

* There are good
guesses

Not neutrinos
X

Standard Model of Elementary Particles

interactions / force carriers

three generations of matter

(fermions)

(bosons)

mass =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2?
charge @ % 5 2
@ IO (O (| @
x up J charm J top J gluon
=4.7 MeV/c2? =96 MeV/c2? =4.18 GeV/c2 0
-3 -1 -1 0
« . « O ) ‘
4 4 4
down J strange ) bottom ) photon
=0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c2 =091.19 Gevlzh
-1 =il =il 0
X9 ([|® (@ || @
electron muon tau Z boson
\ J\ \ J
V) —
Z <1.0 eV/c2? <0.17 MeV/c2 <18.2 MeV/c2 =80.39 GeV/c2?
O o 0 0 £1
o electron muon tau
w1 . ) ! W boson
-l qgneutrmo )L neutrino J{ neutrino ) [

=124.97 GeV/c?
0

o H
higgs

GAUGE BOSONS

VECTOR BOSONS



Implications of Large-Scale Structure
in the Universe

&7 The evolution of structures
e from small to large implies
that DM is cold.
("Cold" means DM has low
Kinetic energy and short
free-streaming distances,
forming structures via

Jeans instability before
spreading out.)




Thermal History of the Universe

HISTORY OF THE UNIVERSE

Dark energy
accelerated
expansion

-
PamCIQ era CosmieMicrowave S’rucfu'ro
Background radiation formation
Accelerdiors is visible

t = Time (seconds, years)

E = Energy of photons (units GeV = 1.6 x 10719 joules)

Key

Particle Data Group, LBNL © 2015 Supported by DOE



The dark matter distribution

» Astrophysicist knows the distribution of DM by simulation

P0
T T 2
(%)

o RS is the “scale radius”, {po, RS } varies from halo to halo

e Navarro-Frenk-White profile:

e Integrated mass:

Rmax
M = / 47r? p(r) dr = 4mpy RS lln(
0

Rit Ruw\, R
RS RS —I— Rmax

Ryir
M= 4rr? p(r) dr = 4mpo RS |In(1 + ¢) — —
/0 r°p(r) dr = 4mp [n( +¢) T c]



The dark matter distribution

» Astrophysicist knows the

distribution of DM by N-body . Density proffes |
simulation e  Binaath (2 = 0.19)
10°
e Navarro-Frenk-White profile: "
10°
pO ;i: 102
p(r) = > Ew
r 1 + P 10
— — 101
Rs ( RS ) 102
1073
. . 10-° 10-* 1073 10-2 1071 100 10!
e Other competing profile: log (r/ R
Einasto

36



Small-Scale Structure Problem of DM

e Astrophysicist knows the distribution
of DM by N-body simulation

e Navarro-Frenk-White profile: M Mg

1018 106 1014 1012 1010
L

100 - . ' e
Cosmic Cluster Galactic

pO 10}
p(r) =

«~ Unknown small |

108 108 10

., scale behavior

‘
2 g non-linear (simulation) :-:“
T 1 T N<] 1 it Gaaiotd) ,| ...............................
R, | R,

-

Baryon S5
o1l Acoustic : 9
) Oscillations b = “
ADM : : 1 WDM(8keV)
e CDM: very good for large scale, but [ . ‘ _ L .
. 770.01 0.1 1 10 100 103
problems at galactic scale K Mpe ]

37



Small-Scale Structure: Cusp-Core Distribution Problem

e Astrophysicist knows the distribution of DM
by simulation

—_
o
©

e Navarro-Frenk-White profile:

—_
o
[oe]

Po
(1 + L ’
R R

e CDM: very good for large scale, but

p(r) =

—_
o
~

[N
o
[e]

Dark Matter Density (MO/kpc3)

problems at galactic scale 0.1 05 ! 5 10
Radius (kpc)
e Core-Cusp problem of cold dark matter

38



Thermal Evolution History of DM Density

DM+DM — SM+SM

1)]

log [Y(x)/Y (x

-10

=15

=20

1 10

Garrett & Duta (2011)

Y for increasing ov

_____________

x=m/T

ot 3 x 107 ¥ cm®s™!
7= N

o ~ 10~3¢m?
Weak Interaction Cross-
Section!

WIMP Miracle: Weakly
Interacting Massive Particles
(WIMPs) are the best
candidates for DM!

39
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Abundance of Thermal

Dark Matter




Excellent Production Mechanism:
Thermal Freeze-out

Q-Balls

"l WIMPs

SuperWIMPs mznlas
I| I| I| I| I| II I| I| I| I| I| I| I| I| I| I| II I| I| I| II I| I| I| I| I| I| II I| I| I| II I| I| 1

e DM is a massive elementary particle

e DM has an electroweak-scale coupling v ' w0 ¢ 102 10 w0 10 10° 10° 10° 10°
Dark Matter Mass [GeV/c?]

. T Annihilatio
DM starts with thermal distribution DM -"""""""- > ¥

e Relic abundance is determined by freeze-
out mechanism

e DM Annihilation into

e X = Standard Model particles (direct
coupling)

41



Thermal Decoupling Annihilation
Cross-Section of WIMP DM

Q-Balls

Mo
SuperWIMPs MZillas

bbb bbb bbb bbb bbb bbb bbbl
10 10 10 10° 107 10 10* 10’ 10° 108 10 10"

Dark Matter Mass [GeV/c?]

* The thermal decoupling annihilation
cross-section matches the strength

and scale of egectroweak interactions.

a
(V) ~ — ~3x10725cm’s~!
miy

Such match is called WIMP miracle

42

QO
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55355535353
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Jungman et a/ hep-ph/9506380



Thermal Freeze-out: Excellent!

e Naturally yields the relic abundance

HHIKTOORY OFTHHE LINIVVER

* No need for UV information (starts
with thermal equilibrium distribution) i

e Annihilation cross-section at the
electroweak scale

e Similar story to other Standard
Model particles (decoupling, ratio,
nuclear elements)

e (v decoupling, n, /n,, ratio, ¢ = Time (smconds, years)
nuclear elements)

Key

e Predicts direct/indirect/collider
experimental signals




Background Knowledge:
Phase Space and Cross-sections
* Particle’s phase space

e 4D Lorentz-invariance: phase-space of a single on-shell particle

2\ 74 d’p
( )(119 p—m7)d’p CE
e Why the factor (2E)™"? 53
f
1P / —Pi
* Normalize to 2E particle in the "
volume 4 Af

e Interaction Cross-section: 1+ 2 — 3 4+ 4 (DM + DM > SM SM)

1 [ dspf 1 (
o= — | X | A\ p1,Pr — {p}
2E2E, vy v, | [H(W 2E; AR

f

2
@n'6 (py+p2— Y, 1)
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Background Knowledge 2:
Phase Space Density of particles

e Phase space distribution function  f(X, p, H)dxdp

1
 Distribution under thermal equilibrium AT JET 41 €
. (e [ dP _:
* Number density Meq = Jdp cq = J o’
 High temperature T > m limit (relativistic) flog =T

372
e High temperature T << m limit (non-relativistic) 7 = (2—ﬂ> e
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Background Knowledge 3:
Cosmic Metric and radiation-dominated universe

* Expansion Rate of a Radiation-Dominated Universe

me mw mp M, my Me

3 4 - o | — g.(T)
2 87T g*T QCDE u—deci—— Z*S(T)_

d — 100:‘
ra 90 mj

e Temperature Redshift in
a Radiation-Dominated
Universe 10p

T x a(f)™!

prad X Cl(t)_4 105)’. | 160 — 110“ .. i | 0J1 l .0.10‘1. l IlOI_‘?I" ‘10:4‘ .10_5
T [GeV]




DM freeze-out: Boltzmann Equation

* Final Evolution of DM: The Boltzmann Equation
_3d(na3)

= n;n;Yov) A e
1 eq,,eq eq,, eq
dt nsyny ny{n,

n+3Hn = <O'V>(n62q —n?)

a

 Thermally Averaged DM Annihilation Cross-Section

E1+Ey

Jnﬁzldpsi X 2n)* 6 (py+py—ps —p) | MNP X e T

(oV) = e

47




Solving the DM freeze-out Boltzmann
Equation

e Behavior of DM number density
négd ~ T3 ~ Cl_3, nél(llat ~ (mT)3/Ze—m/T

-3
nfreeze—out ~da

* Useful variable: DM Yield and temperature X

Yim = Rgm/s, X = my, /T

* DM Evolution: Boltzmann Equation

dy  (ov)xs S~ o 12
dx  [37%. m2 (qu_Y ) dx/dt = (87°g,/(90mp))"/“m” /x

2
90msg;, 48




Solving the DM freeze-out Boltzmann
Equation

DM Evolution: Boltzmann Equation

0 Y
dY
_ (ov)xs (Y2 —¥?) gy \
d.x 8753 m2 ! 5 ‘\
90mP1 ;\/ \\
= —10 e
* DM thermal freeze- = \ sy
out temperature Sl [T Yo
e (ov) =1 x 1072 LT
I’lf0<6 V> ~ HfO g Equilibrium abu‘ndance ‘ |
10° 10! 102 108
'xfO i 25 z
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Approximately Solving the DM freeze-out
Boltzmann Equation

e Approximately Solving

) =
o+ {ov) =

(ov 1><1035[m2
1 x 10730
= {ov) = 1 x 107

Equilibrium abundance

. “

.....
------------------------------

the Boltzmann Equation
avy i _,
—=——Y*-YZ) _
dx x2 =
=
XS = 10
= (ov) =
H (T = mpy) 2 il [
e Forx>1 ||
dY _iYZ _2%00
dx x2
-1 —1 A —1 A
=V -YV'=—=r!=—
Xfo Xfo
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Approximately Solving the DM freeze-out
Boltzmann Equation

* Approximately Solving the Boltzmann Equation Yo‘o1 = —
fo

« Today’s DM energy fraction Q. = 26.8 %

Y,Som Y_som m
Q h2 =20 dmp2 o My 5 0.3 <ﬂ> Y,
pCI’ pCI' eV

Per = 3H3m2, /87 ~ 8 x 1074 h? GeV* and sy ~ 2970cm 3

e Magnitude of DM Annihilation Cross-Section at Thermal
Decoupling

R ~ 0.1 (x_f) <&)—1 3 x 1072°cm3s~!
25/ \80 (o)
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WIMP Dark Matter Miracle

e Magnitude of DM Annihilation Cross-Section at Thermal
Decoupling

x 10~26cm?3s~
a0 () (%) (P )

(6Vv) ~ 3% 107%0cm?3/s

a2

~ 1078 GeV™? ~ —
iy
DM might be associated with the electroweak interaction
scale.
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The WIMP Miracle

WIMP miracle is properly a statement about perturbative
thermal relics:

upper bound on m: g° < 4m

= m S 40 TeV

- SM Weak

lower bound on m: freezeout must
happen when DM is relativistic...

= m 2 10eV

but in practice packing DM into galaxies

1S more stringent
5 MpM



Why weak scale DM popular in the past?

* DM stability as an extension to solve the gauge
hierarchy problem (higgs quadratic divergence)

9 242 1 24742 3
a2 A ez A 82

* SUSY models
e Little Higgs/Twin Higgs
* UED

54
However, we do not see new particles at the LHC.........



WIMP DM crisis

e Null result from direct
detection
* Maybe discovery in &
the corner? =
e Neutrino floor and Uré
beyond: &)

directional ..

* The rise of light dark
matter (S 10 GeV)

1 0—50

B O
O€+ LUX (M)
) CRESST (Surf)
*G/Vo
"’/} EDELWEISS (Surf)
\ NEWS-G
CRESST-III DAMA/Na
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Detection Methods of DM

Particle-like DM Detection




Theorists' View of DM

Sterile Neutrinos: Black Holes (MACHOs):

Neutrino Oscillations, Gravitational Lensing,

X-ray Astronomy Gravitational Waves
1026y 102V keV  MeV GeV TeV M, ~ 107GeV

—— —

WIMPs:
Direct Detection, Indirect
Detection, Collider Detection

Ultralight DM (Axions, Axion-
like Particles, Dark Photons...):
Cavity Experiments, Radio
Astronomy

Wave-like DM

Theoretical possibilities for DM are numerous, spanning a
wide range of masses and interaction cross-sections,
making experimental detection highly challenging.
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Detecting WIMP DM from Underground to Space

Deep Underground

Block Cosmic ra Ys / i’ 3 ' % ang V
IR r\/ \ \ E
> W
N Earth f\ }/Z, £7%
PYCGLSB ///\ \‘}!
mstrument =P>\T18) Direct Detection wait, Let me Emit

send a satellite / Cosmie Rays
\ - /

! Indirect Detection
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and hit them. See what comes out. S s
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Collision Detection
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Direct Detection of WIMP DM
P Direct Detection of Dark Matter

« Measuring the recoil signal of nuclei after collisions with DM

— Proposed in 1985 (Goodman & Witten), detection sensitivity has improved by
six orders of magnitude over 30 years.
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Direct Detection of WIMP DM

'What IS collision?

* Particle Physicist’s language 4

—Interaction

* When a ping-pong ball and paddle collide => interaction occurs
— Dark matter and ordinary matter can interact: collision!

* The stronger the interaction: the easier the collision
— The size of the paddle hints the strength of interaction: cross-section
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Direct Detection of WIMP DM
PWhat is the target matter

« How to detect such weak “interactions”

— Large amount of atoms => One big piece of ordinary matter
— Everyone has 1OOOOOOOOOOOOOOOOOOOOOOOOOOOOO(1029) atoms
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Direct Detection of WIMP DM
PWhat is recoil

* The recoiled atoms carry energy

* Direct Detection of DM can change recoil into observable signals
— Infer the mass of the DM particles
—Measure the interaction strength with ordinary matter
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Direct Detection of WIMP DM

P Can DM easily collide with ordinary matter

. 100000000(10%) DM particles travel through us each second
. Each person has 10?° target particles

* Each person collides with dark matter < 1 time each year

Physics Letters B

Volume 717, Issues 1-3, 22 October 2012, Pages 25-28

Dark matter collisions with the human body
Katherine Freese ®&, Christopher Savage bo=

2 Michigan Center for Theoretical Physics, Department of Physics, University of Michigan, Ann Arbor,
MI 48109, United States

b The Oskar Klein Centre for Cosmoparticle Physics, Department of Physics, Stockholm University,
AlbaNova, SE-106 91 Stockholm, Sweden

Received 6 September 2012, Accepted 19 September 2012, Available online 24 September 2012.

Editor: S. Dodelson
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Current Direct Detection of WIMP DM
P Calculate the DM Event Rate

 For a 1ton Xenon Detector

* Assumptions for DM

— DM mass-100GeV

_ DM cross-section with xenon nucleus-10"38cm?

— DM relative velocity-200km/s
— DM density near the earth-0.3GeV/cm?
» Please estimate, how many collision signals on the device each year?
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Direct Detection of WIMP DM
P Where to find the Dark Matter

* Our body collides with cosmic rays and gamma Cosmic Radiaﬁo-,.'
rays 108 times each day

— Cosmic rays: high energy particles from the universe
— Gamma rays: from adjacent nucleus decay

— Those fake signals are called “background noise”

. Hide the detector into deep underground, and
cover the detector with thick screening material
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Direct Detection of WIMP DM

' DM scatter with nucleus of atoms

DM particles elastically scatter with target nucleus

dm,my Ekin

* Recoil energy of nucleusE, = zEy
(my+my)
my Low detection threshold

_rpkin_1 2.
Ex > My v 50 kevwocev

« Event Rate of unit target mass scattering with DM

dR PpM (Vesc AV
- — =
dEg o N fvmin . f)

* Spin-unrelated oy’ (Eg) « A*F?(Eg)oy, Heavy target nucleus

« Spin-related oSP (ER) TLS(ER)G" Target nucleus with spin
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Direct Detection of WIMP DM

P Calculate signatures of DM signal

* Assumptions for DM

—DM mass-100GeV

—DM cross-section with xenon nucleus-10"3%cm
—DM relative velocity-200km/s

—DM density near the earth-0.3GeV/cm’

* Please estimate the recoil energy of nucleus scattering with DM
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Direct Detection of WIMP DM

P Signatures of DM signal

« Scattering cross section on nuclei | _Recollenergy spectrum ‘
- Spin-independent, « A2, Form factor I My=100 Gevic?

ccccc =10° pb (1045 cm?)

— Spin-dependent, spin structure factor

0.1 \\
I

(v, Er)vf(v)dv 0.01 ¢

dER mymyN

dR  po / doy
dEg

Umin

integral rate, counts/kg/year

N
N
X

0 20 40 60 80 100
threshold recoil energy, keV

dJXN . my

T = g (08 2 (Br) + of Fip (Er)
N

0.001

19
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Underground Direct Detection

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

> Detect the recoil energy of
nucleus scattered by DM

N 1 - - >Deep underground, to block the
L O Nucleus - cosmic ray background
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Annual modulation observed by DAMA

| DAMA (2008)
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PandaX in Jinping
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SI WIMP-nucleon cross section (cm®)
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Direct DM detection in PandaX
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XENON1T excess of electron recoil

Aprile et al., PRD, 102, 072004

(2020) °
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XENON1T reported its latest analysis results of electron

recoil events in June 2020, finding an excess of about 3.50

in the 2-7 keV energy range. Possible explanations include
tritium background, solar axions, neutrino magnetic

moment, dark matter, etc. 3
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Consistent with expected background, but can’t

exclude the XENON1T results. Zhou et al., Chin.
Phys. Lett., 38, 011301 (2020)
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Current Direct Detection of WIMP DM

Zhao & Liu, arXiv:2004.04547
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Detect DM from Large particle collision
experiment

dark matter production in association with X
— dark matter escape detection
— X: visible particles

— E{™ss: momentum imbalance in transverse plane

q 8 x(my)

v, A(Mmed)

=

al
S

)
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Detect DM from Large particle collision

experimen
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Detect DM from Large particle collision
experiment
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Indirect detection of Cosmic Rays

1,000 —ATIC Cosmic Ray Counts—
o et
_{/ Gamma-rays 100} DS *t .
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e R |
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) Tt \u e
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% Y |
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& Matter Particles > 5
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x Y

DM annihilate or decay into high energy particle and secondary
radiation, contributing into the cosmic ray and gamma rays we
observed.
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Summary of cosmic ray detection
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Signatures of DM indirect detection

> Gamma ray line spectrum: unique
features

> Spatial distribution of gamma rays:
tracing DM distribution

> Cosmic ray positrons and
antiprotons: secondary products
with low flux, and their flux can be
predicted from cosmic ray models

> Cosmic ray electrons: 10 times
higher flux than positrons’. Good
sensitivity for dark matter detection.
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Spatial Indirect Search for DM
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Possible gamma ray spectrum from Fermi

- P8R2 ULTRACLEAN V6
FLiang et al. (2016) -—- PLE
-------- Line
-'“““bm —— PLE+Line
T Lo 3 -+ Data
T b ++
it
> .
[«}]
w
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Z 107
10'8 L . L \ 4
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Energy (MeV)

> E~43 GeV
> From a galaxy cluster

> No similar line
spectrum radiation in
places where dark
matter is
concentrated, such
as the center of the
Milky Way and dwarf
spheroidal galaxies.

> Possibly statical
fluctuation or
instrument error?
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Positron fraction

10~

Positron Excess

AMS-02 (2013) ! 0
i o AMS-02 )
_ o PAMELA A .

A Fermi

Dark matter?
Pulsars?

1 10 107
e* energy [GeV]
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Gamma Ray Excess from Galactic Center

Gordon & Macias . Calore et al. (2015)

T ]
GC excess spectrum with 3
stat. and corr. syst. errors -

80 ----- 60 GDE models )

10 L e
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| 59
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1
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Goodenough & Hooper (2009)
Vitale & Morselli (2009)
Hooper & Goodenough (2011) ...

> Fermi gamma-ray observations of
the Milky Way center reveal a
circularly symmetric excess. Highly
consistent with dark matter model
expectations!

> DM model is not the only explanation.
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Possible excess of anti-proton

E, (GeV) m, (GeV)

> Antiprotons from the secondary effects of cosmic rays is
slightly lower than experiment. Could be resolved by DM,
with highly consistent parameters with GC center excess!

> Still uncertainties in the antiproton production cross section
and the modulation effect of the solar system on protons and
antiprotons, calling for further research. ;i ot a1, (2017); cuoco et a.

(2017) 86



Summary of DM detection

> Colliders: null results > |ndirect detections:

1. Positron excess

> Direct Detection: null results 2. GC gamma ray excess

3. Gamma Ray spectrum excess

4, Anti-proton excess

Large uncertainties from
astronomy! Results still unclear!

> Astronomical observations discover dark matter
through "invisibility"

> Physics experiments try to "see" dark matter, but so far
no one has seen it
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Detection Methods of DM

Wave-like DM Detection




Theorists' View of DM

Sterile Neutrinos: Black Holes (MACHOs):

Neutrino Oscillations, Gravitational Lensing,

X-ray Astronomy Gravitational Waves
1026y 102V keV  MeV GeV TeV M, ~ 107GeV

—— —

WIMPs:
Direct Detection, Indirect
Detection, Collider Detection

Ultralight DM (Axions, Axion-
like Particles, Dark Photons...):
Cavity Experiments, Radio
Astronomy

Wave-like DM

Theoretical possibilities for DM are numerous, spanning a
wide range of masses and interaction cross-sections,
making experimental detection highly challenging.
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(Wavy) Ultra-light DM

Quantum Mechanics: Matter behave both like
waves and particles

Milky Way Galaxy
A R N Ultralight DM has a i MTMM'J
et macroscopic , ML@
wavelength, waor 1 §
manifesting as a [
fluctuating &l —
background field on I Wa ~ Ma
a macroscopic scale. m, ~ GHz ~ 106 eV

(m~10-22 eV)
de Broglie wavelength Unlike traditional DM Compton wavelength

reaches galactic scales detection (no longer based jg laboratory scale(m)
(kpc) on particle scattering)

Dependent on astrophysical Huge potential for
observations (location, time) development

Resonant Cavity Quantum
L .
Amplifier

Propose new quantum

Similar to
detection method @

Astrophysical experiments S
gravitational waves




Fussy DM

e Ultralight DM (bosons) can
form Bose-Einstein

-
o
©

condensates, resembling cold
DM on large scales.

-

o
oo
T

* On small scales (around kpc), it
can addresse the cusp-core
problem in dwarf galaxy
observations.
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Ultra-light DM candidate

Axion (ALP): spin 0, CP odd Dark photon: spin |

mili-charge particles?

- Y
\ kinetic mixing
(1 -eenneen 17 Inverse Primakoff effect ¥ ¥
L. NNV VW
. Microwave
| | wav
/\/\’ g\ \/ Photon Photon
g - 'aAVaVa
Magnetic Field

‘ ‘ ,, o)
V X B ~ th - J . ga.’Y’YB dta' /I:Iz D) —Aﬂ (ngM—Smf‘,A'“)

induces an effective current induces an effective current
under strong magnetic field. anyway.
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QCD axion motivated by the Strong-CP Problem:

Why is the neutron electric dipole moment so small?

Norman Ramsey
Nobel Prize 1989.

Naive estimate gives > ‘l‘\leutrino Qscillation expts”are
—17 Ramsey interferometers
nEDM = 1016 e-cm 10 |
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The CP Problem of Strong Interactions

wh Characterizes degenerate Phase of Quark
: QCD ground state (® vacuum) Mass Matrix

Standard _ y
QCD Lagrangian Lcp = - (@ -argdetMq) Tr GILWGlLl
contains —_

a CP violating term 0<®<2n

Og

Induces a neutron o
electric dlpo!e moment  JIF% ) 10—16ecm ~
(EDM) much in excess 10

of experimental limits

Kn <3x10~%%ecm

® 10710 Why so small?

Slide from G. Raffelt



The 1977 Peccei-Quinn solution to
the strong-CP problem

Dirac Medal
(2000)

* Promote theta to become a new dynamical scalar field which has a two-
gluon coupling. (dynamical = can vary in space and time)

* Think like an electrical engineer: Use this field in a cosmological feedback
loop to dynamically zero out any pre-existing CP-violating phase angles.

Aaron S. Chou, QSFP lecture 5
2021



Natural potential energy function

V(A)=-f’A+ ZA“ +

A

as

3271 8T

Axion

( 8" ara(A) - (HQCD+9qwrk)) (GG)

<€ >
VEV f, > 10° GeV

4
AQCD

~

Aaron S. Chou, QSFP lecture 2021




Natural potential energy function

A

oy 4 ,’82 o " =
V(A) = ~fA% + A +{ —arg(4) - E(HQCD+9qu)}<GG>

~ &

Axion

The axion field zeroes out any other CP-violating
phases from the strong or electroweak quark sector.

Aqcp?

<€ >
VEV f, > 10° GeV

The neutron EDM vanishes, solving the strong CP fine-tuning problem.

RO S Loy, WorPecoe zozr




Ultra-light DM: axion

Introduce a new global symmetry (PQ symmetry) broken at energ

g T GG
S

breaking PQ shift symmetry

Potential energy term cos(0 + a/f)

At the minimum

a0 Self-adjust to 0

(08




Axion mass = harmonic oscillator frequency

AV(a)

o]
T
o

Axion

4
AQCD

<€ >
VEV f, > 10° GeV

[ m, = Agep?/f, <103 eV |

| Single parameter modekfor axions |




The Initial potential energy density is

released as ultracold dark matter

Abbott, Sikivie (1983)
Preskill, Wise, Wilczek (1983)
Dine, Fischler (1983)

VEV f, > 10° GeV

The initial azimuthal angle 6,, determines the available potential energy to be
released. O(1)xAqcp? of potential energy density is converted into dark matter.




The QCD axion and the Strong CP problem

0g?

3272

e The CKM matrix from M, ,
» CP violating phase 0-p ~ 1.2 radian

e QCD induced CP violating
phase, 0

0 = 0 + arg |det [M,M,| |
e @ is invariant under quark chiral rotation dipy ~ 6 x 1076 e cm

e According to neutron EDM experiment dl, < 107° e cm

0 < 1.3 x 10710 radian



The Peccei-Quinn solution to Strong CP problem

« Experiment requires 0 = 0 + arg ldet [MuMd” < 107 'rad

e PQ: promote the constant Otoa dynamical field, a
« Vafa-Witten theorem: vector-like theory (QCD) has ground state () = 0
« Introduce a global PQ-symmetry U(1)p(,, anomalous under the QCD

¢ The massless Goldstone boson a is called axion

a—a+kf, >85->5+ ‘d4xG(~;,cancelsé

3272

a -~ 1 2
—GG+—<6ﬂa> + P

1 2
, Low energy: < = Z q <iDﬂy” — mq> qg——GG + &s

0
q 4 3072 1, 2 [0,
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Model independent visible axion properties

« For two flavor QCD, g = (u,d)”

331(6) )2 85 aGG+1 FF—g, M +aa Fyg+h .
—(0,a — — —qc C.
. 2 u 3271'2f 4gay QL qR 2f q 7/ rs54

e The three QCD related terms can be eliminated to 2 d.o.f.

« Choose to eliminate GG term by quark field redefinition in a-related chiral rotation

q—e%q qg—e g
. ’ . a
, Anew quark field: g° = exp <l?75Qa> anomalous U(1) axial transformation

a

a: transformation angle

1 2 1 d,a }
335<0ﬂa> +4gayFF q M, qR+?chy ¥sq'+h.c.

a
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Model independent visible axion properties

¢ |In the new basis

1 2 1 - d,a _
.ZD > <6ﬂa> + ZgayFF—Q’LMa% + #q’cqy’%q%h .C.

a

¢ =040, g =30 —2N"Ti[Q 07
e ¢ q q 4 14 271.]1;{

e Quark mass is complex:

. a . a
M, = exp zz—faQa M exp zz—faQa

Induce cos(a) potential term

a ~
There is a phase a in the mass if we define away s —GG
3272 f,



The axion and Chiral Lagrangian

* The generic low energy Lagrangian is

da
qe, v rsq+h.c.

a

1 2 1 —
£ D > <6ﬂa> + ZgayFF—qLMaqR +

Induce cos(a) potential term
aQa aQa
« Two flavor quarks ¢ = (u,d); quark mass term M, = e¢' % M, e' a

e Below the QCD scale, one needs the chiral axion Lagrangian

f 2 0*a
Tr[c,0“)J"

a

yPT _
A

[(DMU)*D U+ 2B(UM! + M UT)]

U= eiﬂ"a“/ﬁz

Jé = m “ollf, 105
=



Axion mass and interaction with pions

ota
Tr[cqaa]./ ;’

a

2
P = f [(DﬂU)TD U+2By (UM} + M UT)]

2 2
m,my mﬂf T

(mu + md)2 fc%

mqrqr + h.c. — meiNGquR + h.c.

., Axion mass: m ~ (Q,+ Qd)2

. 0 . . (Qdmd _ Qumu) fﬂ'
, Axion-zr” mixing: 0, ~ Z
(mu + md) .ﬁz
3 ¢ —  OAu o — O o —
. Axion-pion couplings: ———a a (2@”7; atn” — 7ot — 7Vt ot )
aJrmw
Q.m m
Coefficient: € = — — d7d XuwTu o Cc(l) —cY ]2
* 2 m, + my ;
106

All above are QCD axions, for ALPs, just follow the pNGB calculations



Experimental searches for Axion-Like Particles axion

a - a - 8”61 z
gALP = gangGG + gayf_FF + 8af 2 fr ySf
* ALP couplings:
gawaFweﬂmﬁFaﬂ ~ gawaf- B
g Y f
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Dark Matter Cosmic Evolution

Axion DM

R 4

0=a/f,

§+3HO+m2(T)0 =0
“Friction” “String”

Decay term




Dark Matter Mass Evolution

1.0,

0.8|

06|
0/0 o4
02|
00|
~02]




Dark Matter Mass Evolution

The number of ultralight DM particles within a unit de Broglie
volume is enormous => must be bosons.

_ v/2ppm

Mg,

cos(mgt + @)

Gravitational virialization determines the correlation time and length
of ultralight DM.

Ty ~ 1/ma<U%M> ~ Qu/mg ~ 106/ma

Do 29 I e ) (i o 0P fiins




Spectrum of Ultra-light Dark Matter

DM coherence time
a(t) = Y Z’DM cos(mat + @)

Ta ™~ l/ma(v%M) ~ Qa/mg ~ 106/ma

Frequency: w, ~ GHz ] OzaeV
Energy Spectrum Width 107°
107% eV
Coherence: 7, >~ ms
mg

Aa ~ 1/may/ (WEy) ~ 10° /m,
Max Exp. Size: \, = 200 m 0V 3
e b e Momentum Width 10~
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W Ultra-light DM: Astrophysical Test

® Using Event Horizon Telescope

® Pulsar-Timing-Array search for ULDM polarization observation to detect
107 Freagency (Ha) Lot axion ULDM.
e e “No Man’s iR e s——
_—y ”» s :
Land”, Best iR et S |
i -10'2 Gev
results now o oG
S 0
S o 9 50=3°
% -1 50=1°
60=0.3°
1009 K2\, -2
- 3L . . . .
- -22 -20 -18 -16  -14
U(1)g dark photon mass (eV) Log1 0 [ma (eV)]
ina' i B i ) '
China's FAST, future Square Kilometer CAST |- SN1987A B 8T 8 SorA

Array (SKA)

® Gaia satellite's precise measurement of stellar positions within the Milky Way.

® Accurate measurements of orbits in binary systems (Sun-Mercury, Earth-Moon,
neutron star-white dwarf, etc.). @




A pulsar is a highly magnetized rotating neutron star
that emits strong electromagnetic radiation along its
magnetic axis, periodically sending out pulse signals.

gifs.com




Pulsar-Timing-Array

P TA observation involves recording a series of pulsar pulse arriva
times at a fixed observation frequency, referencing atomic time as a
reference, compared with pulsar timing models.

Earth = SSB

PTA measures the timing of pulses from multiple
pulsars to analyze correlations between their signals.



The pulsar timing array (PTA)
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Precise measurement of pulsar pulse timing can detect
gravitational waves in the nHz range and can also be used to
measure ultralight DM.

PPTA, EPTA, IPTA, NanoGrav, CPTA(FAST)?



Ultra-light DM: Astrophysical Test

FAST in China

Observing
Pulsars,
binaries, etc.

future Square Kilometer Array (SKA)
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Dimensionless V.

PPTA search for scalar fuzzy DM

Parkes Pulsar Timing Array constraints on ultralight scalar-field dark matter

Nataliya K. Porayko.,!** Xingjiang Zhu,?*% " Yuri Levin,® %2 Lam Hui,® George Hobbs,” Aleksandra
Grudskaya,® Konstantin Postnov,®? Matthew Bailes,!%4 N. D. Ramesh Bhat,'! William Coles,'? Shi
Dai,” James Dempsey,'® Michael J. Keith,'* Matthew Kerr,!® Michael Kramer,!-'* Paul D. Lasky >4
Richard N. Manchester,” Stefan Ostowski,!? Aditya Parthasarathy,!® Vikram Ravi,'® Daniel J.
Reardon,!%* Pablo A. Rosado,' Christopher J. Russell,!” Ryan M. Shannon,'®* Renée Spiewak,!"
Willem van Straten,'® Lawrence Toomey,” Jingbo Wang,'? Linging Wen** and Xiaopeng You?
(The PPTA Collaboration)

Boson mass (eV) 1 81 0.03227

Boson mass (eV)

-2 = 10-2 10-2
1010 S A L — 10t A — A —
— PPTA Bayes R : A — PPTA current
— PPTAfreq i B EEEE sl — SKAFAST 10pfor 10y : T WA A'AR
1011 | - - NANOGrav new RREE : ] N 10 [ - - SKA/FAST 100p for 10y S R |
NANOGrav PP2014 | : & | & : t - SKA/FAST 100p for 10y (turbo) | : MRS
R : [ 1 NOUSUURE JSUUUUUNN TSN SO S SRS - 1 Sy oy f- M SUONE SO S
-12 s
10 1 T [’
g 100 B My e
10-13 >
5w
g 1 T S S :
10 2 : . .
0= e
-15
10 10=2 T s IO T
10=16 =3 e mi vt e tF : I : :
1077 107 10-% 10-7
Frequency (Hz) Frequency (Hz)

Future SKA can have much better results!
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Effects of Gravity from ULDM

The gravitational potential of oscillating DM fields
will alter the surrounding energy-momentum
tensor, thereby changing the gravitational
deflection of incoming electromagnetic pulses.

Scalar DM:

—0,) cos(2m ft + o + 0))

e -
e {2 [0+ G2 - 26 7] - 3
sin(oe — ) cos (27ft + ae + )

)

mplitude of timing residual / sec

dark matter mass / eV
102

Vector DM

Scalar DM

108
frequency / Hz




Effects of ULDM’s Direct Coupling with

ULDM can directly interact with matters to produce acceleration

a(t,x) =~ ee’%mAAo cos (mat — k + x + a(x)),

Change of pulsar timing series
Acceleration induce displacement

— A" cos (mAt R a,,) E

Ax(t,x) = —&;qu cos (mat — k « x + a(x)).
mmau
Ao cos(mat + a,)) ‘N,

me

Ay cos (mAt i ar,,) -

of dark photon background for each pulsar are indepen- = -

(A) Completely uncorrelated: The phases and amplitudes €e q;,B =)
dent. ma

(B) Completely correlated: The phases are independent LB_L)

P
phases but with a common amplitude. Ap cos (mpt + c)] - n,

me




Parkes PTA data

Pulsars N, T(years) o x 107°(s) log,,Asy  ¥sv  logoApy  You

J0437-4715 29262 15.03 0296  —15.76:017 6.63:217 —13.05:010 2267032

J0613-0200 5920 1420 2504  —14.63:077 4.93+13 _13.02:0%8 095+03
JO711-6830 5547 1421 6197  —1285:014 0.97:05% —14.54:072 443168

+0.07 +0353 +0.06 +045
JI017-7156 4053 777 1577  —1289°%97 0.54%95 —12.72:0% 218+043

J102241001 7656 1420 5514  —1279%013 0.543037 -13.04319 0582047
J1024-0719 2643 14.09 4361  —1428'03 6.51703 —14.53:038 5227114
J1045-4509 5611 14.15  9.186  —12.75:024 1.58:12% _12.18:0% 1867036

-093 -032
J1125-6014 1407 12.34 1981  —12.64701) 05173935 1314701 336707
71446-4701 508  7.36 2200 -164672% 2747249 1349032 2 48+
J11545-4550 1634 6.97 2249 -17.33%330 3.25134 -13.407038 3.90%14)
J1600-3053 7047 14.21 2216 =17.63:33 3.28723% 13277013 27904

J1603-7202 5347 14.21 4.947 12821013 1012080 —12.66:049 1.447040
J1643-1224 5941 14.21 4039 -1232:0%8 0.51%042 —12.27+007 0.55+032

171340747 7804 1421 1601  —14.09:925 2.98:10 _13.35:008 (53:022

J1730-2304 4549 1421 5657  —1739:2% 3.0523 -14.11:0% 422¢102

J1732-5049 807  7.23 7.031  —1651739 3.29%337 —13.387031 4.07*19%

J1744-1134 6717 1421 2251 =1339%011 1.4970% -13.35:00% 0.86203

J1824-2452A 2626 13.80 2190 —1256:013 361041 —12.18:011 1 64+04

J1832-0836 326  5.40 1430 -164725 3.6633 -13.07:024 37739
JI1857+0943 3840 14.21 5564  —1476:070 5.75H% —13.40703% 2.6610%
J1909-3744 14627 1421 0672  -1360°013 1.60:043 -13.48:0% 0.69+03%
J1939+42134 4941 14.09 0468 -1438%07 624704 115907 0.13701°
64m Parkes telescope in Australia 121243358 4941 1421 8863  -1479%0% 507337 -1335%1 0957
J2129-5721 2879 13.88  3.496  -1548:1% 29132 -1331:013 1.07:05
J2145-0750 6867 14.09 5086  —1282:010 0.62*030 -13.33:0:14 1382034

J2241-5236 5224 820 0830  —13.40:0% 0443040 _13.79:010 1 42+061




€2 (dimensionless)

Results from Parkes PTA in Australia

Results for ULDM U(1)z and ULDM U(1)5_;

Frequency (Hz)
10~° 10-8

107° 10~

—— PPTA DR2 correlated(26 pulsars)
—== PPTA DR2 uncorrelated(26 pulsars)

1 wep experiments

Frequency (Hz)
8 10—7

—— PPTA DR2 correlated(26 pulsars) I - O 2"
—== PPTA DR2 uncorrelated(26 pulsars) ) pu Sa—r- .
Iy

revolution
around the sun

. . . o]

(periodic signal) i,
Y

WEP experiments

1022
U(1)g dark photon mass (eV)

U(1)g -, dark photon mass (eV)

X. Xiao, Z-j. Xia, J. Shu., Q. Yuan, Y. Zhao, X-j. Zhu, with
PPTA collaboration, Phys.Rev.Res. 4 (2022) 1, L012022




Gaia Stellar Position Measurements

The Gaia satellite (launched in 2003) precisely measures the positions
and velocities of ~1% of stars within the Milky Way (~10"9 stars).

Study the structure of the Milky Way, stellar evolution, new
planets, fundamental physics, etc.



DPDM detection from astrometr

(Gaia Satellite) experiences a dragging effect under an
ultralight DM background field.

a(t,x) ~ ee%mAAo cos(mat —k - x)

Moving Frame

Rest Frame »f: *
,I
/

Acceleration causes periodic changes in velocity,
leading to changes in the observed angle.

Lower precision in the
radial direction.

q

Av(t, x) = ee;Ao sin(mut — k - x).

Global Periodically
changes on star position Neglecting star position changes



Search for ULDM with Gaia

Av(t,x) ~ eeiAono sinfma (t — tg) + ¢,
m

equatorial coordinate («,d)

ng = (cosd cos a, cosd sina, sind),

Data Processing
Compression
& [ /‘\ o = 100 pas/vV10°.

-221-22-219-2.023.923.4 2 2.5 3 08 12 16 06 08 1
ot e o ; s mock data

ARERS
9 0lar>

@ 0>

H-k. Guo, Y-g. Ma, J. Shu., X. Xiao, Q. Yuan, Y. Zhao, JCAP 1905 (2019) 015

(ma, €, ¢,0,0) = (10722 eV, 3 x 10724,2.59,1.25,0.68).




Search for ULDM with Gaia

EW alysi
‘I'—EE—EP—LSE}‘I | |

1{}-13 lﬂ-llfl 1{}-14 10—24 “]-22 “]-ED “]-13 1o 16 10—14 1u—12
my (eV) my, (eV)

H-k. Guo, Y-g. Ma, J. Shu., X. Xiao, Q. Yuan, Y. Zhao, JCAP 1905 (2019) 015

Gaia's 2025 data release includes temporal variations, which can be
used for actual measurements.




M87* Black Hole Polarization Observations

4 days of polarimetry observation of M87*



Event Horizon Telescopé

The Artzona Radio The Institute for
Obsarvatory's Radio Astronomy

To geta good look at the light show coming from our galaxy’ ‘ Subeillimater In o Millimates
black hole, astronomers will combine the data from telescopes 2 5 ®loscope range'’s 30M scope
the world over. Here's a sample of the dozen telescopes that 4 R AR 30-meter talezcope
may one day be part of the Event Horizon Telescope on Pico Veleta, Spain

104mater tolescope
nox Safford, Az

The Galtech
submillimetor
Obsary atery

10.4mater
taloscope on
AMauna Kea,
Nawa

The Combined
Array for Research
in Millsmoten. Wave, =
Asyonomy A‘L -

15 ant WJ ‘\nt

e Sy qy " Western Hemisphere
o ’ ._ -« Mm-Wave Telescope
| 4 Array

mm-VWave Band is

Suitable for Precise

Polarization Angle
Measurements

il WA 8
K a',?- W
\ﬁ‘@*&-i/'if;!

o i
|

\

The Jamas Gerk
Maxwell Toks cope
15-meter telescope
on Mauna Kea

Hawai
The Atacama Large Oxparimant
Millienoter /3ub- 2meter teloscope
The Submillirmater milirmoter Arvay onthe CN,a;r antor
- fain of Chk
b € antennas on the b
8 30tenn3s on
Mauna Kea, Hawall

chjpantorplain
of Chits




Axion-Electromagnetic Equati

Axion-induced bi-refringence effect

1 1 1
L= 2 Fu F" 5000 F,, 15V aV,a-V (a),

oB
V-E=gVpB, VXE+-—=0, The CP-odd axion field affects the phase

ot velocity of left and right circularly
polarized electromagnetic waves.

oFE a¢)
VXB- Y -g(E)(VQ-—B 5 )

Maxwell's equations with
axion field




Bi-refringence Effect

Axion-induced bi-refringence effect

OAy = £2ig,[0.aAy — a0.Ay], different phase velocities for

+/- helicities

The polarization angle shift is the
For linear-polarized photons difference between the initial and
final expectation values of the
= GaryAa(tobs; Xobsi temits Xemit ) axion field.

obs

Jary /emit ds n* Jua Therefore, precise
measurements of the

polarization angle is needed.

Ga~ [a(tobss xobs) - a(temits xemit)]a




Superradiance

Superradiance condition

ajym
W< We =

2T+

Effective Frequency range for
Superradiance: when the axion

Rapidly rotating black holes lose energy and wavelength is comparable to
angular momentum by radiating axion fields. the black hole's event horizon.

Axion cloud induced near the black hole

The energy of the axion cloud could be comparable to that of the black hole.



Superradiance Field Equation Sol

Axion Could K-G equation solution under kerr background

Similar to hydrogen atom energy level (non-relativistic):

Reduce to spherical harmonicsY,,,
in the non-relativistic Iimat.

The imaginary part of the field provides superradiance conditions.

Axion cloud production is more effective in lower I-modes



Black Hole Superradia
O0C

Radial Solution The brightest position of the electromagnetic
radiation ring observed by EHT is approximately
where the radial solution reaches its maximum.

Y-f. Chen, J. Shu., X. Xiao, Q. Yuan, Y. Zhao, Phys.Rev.Lett. 124 (2020) 061102



Self-Interaction of Axion

Simulation results
suggest that axion
clouds can stably exist.

Gravity potential

*,0\2
SNR = /d4x (w*atw - i@'?ﬂaﬁf’* - + (sz;?z)

Self-interaction



Position angle chang

Neglect the axion field
near earth

We use

A(')nmx = _bgu'y fa Ccos [lltcmit. -+ H(Ixcmitl = 'Tm'ax)]s

- b.qﬂ‘y.fﬂ R“(T') si

AO(t, r,0,0) ~ R (re )

Spatial and temporal resolution

fermion loop Coy ™~ N'Qz.

clockwork

Huge




Expected Limit

————— — L N ——— —

Constraints on
axion-photon
coupling strength

. CAST /' SN1987A 0O M87" H SgrA’

Y-f. Chen, J. Shu., X. Xiao, Q. Yuan, Y. Zhao, Phys.Rev.Lett. 124 (2020) 061102



Polarization Paramete

4 Stokes parameters

(I, Q, U,V):

|: total intensity;
Q, U:linear polarization;
V:circular polarization.



Radiative Transfer

Considering curved spacetime and plasma effects, we use Stokes parameters
for radiative transformation. The axion birefringence effect is similar to the
Faraday rotation effect (without periodic time variation).

1 .

Change of EVPA




RIAF model

Color indicate
the electron
number
density

H stands for
the average
thickness of the
accretion disk

RIAF Model, thin accretion disk give smaller background



Demonstration

Stokes | [cgs]

EVPA [deg]

-20 -15 -10 -5 -20 -15 -10

Numerical results from analytical RIAF model

Y-f. Chen, Y-x. Liu, R-s. Lu, Y. Mizauno, J. Shu., X. Xiao, Q.
Yuan, Y. Zhao, Nature Astronomy



EHT’s Observation

Tick Plot

z
bt
b=
< .
g
e,
5]
B
%
£
=
jas}

4 days of Polarization Data



NGC1275
Galaxy M87

super star clusters
f,=10% GeV

|
=

I
l0910(gayGeV)

-16

I
=
~

~20
logio(m,/eV)

Y-f. Chen, Y-x. Liu, R-s. Lu, Y. Mizuno, J. Shu., X. Xiao, Q.
Yuan, Y. Zhao, Nature Astronomy 2022

Smaller mass,
longer wavelength,
longer period.

Long periods, with smaller
amplitude changes over
four days of subtraction,

reducing sensitivity.



Current status

® Axon dark matter detection competition :

~ Traditional resonant cavity: ADMX, CAPP, HAYSTACK
< LC circuit: DM Radio, ABRACADABRA
~ Nuclear Magnetic Resonance: CASPER, Spin amplifier (USTC)

10—
107
10-8
) ] .. 1079 CAST

® The main experimental limits — 100 TR e P e ey
T 10—11 T X '
come from the resonant cavity, L 1012
Eél 10-13
_e§ 10—14

[a
g 10—15
10—16
A huge parameter space 1017
10—18

to be explored! 10-¥ . :
0 o 5 . 20! o b o _
1010707071007 4007 1070 0 P AP 48 AT A8 A0 (@ A A

Mg, [eV]

Solar v

uorpoery
UOIJeSIUO]

CAST, and stellar cooling.

=
=
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=
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Inverse Primakoff Effect

\\—\ Under strong

.......... ( magnetic field
. / / background

Wave-like - —
Y aFﬂyel“‘”“ﬁFaﬂ ~ 8uyaE - B

8
dark matter “wr

VxB~0E+J+ gayyB 0ra

Axion dark matter induces an effective current
under strong magnetic field.

Jeff(t) ™~ ga’}"yBO(t) vV PDM COS Mgt




Cavity with static B field

<8t2—|— 0 — 20, + m? )EleaCObmat
1

Quantum amplifier to
readout the signal.

Axio;\\‘x §
\\\g
A Y

I

Frequency
Wa ~ Mg

(G
Photon

e.g. ADMX, HAYSTACK g
ayy

aF,,e"?PF,, ~

Qa ™~ 106

m, ~ GHz ~ 107°% eV

~ (axion
mass)/\-1

decreases with axion
mass

8q.yak - B



Resonant EM detection of
axion dark matter

Cavity mode equation Source: a

(almost monochromatic)

> (0‘;’ Z) O + w; ) E, = gay0:(Bda)

n Pump Mode: B
Signal Mode: E_ P

© Traditional resonant detection matches axion mass with the
resonant frequency by using a static B field.

w1 >~ my, 0:(B) ~0

o Mg
(d, 0 O + m E, = gov~By/ppDMMG cOS Mt
1



Pierre Sikivie,
Sakurai Prize 2019

In a constant background By field, the
oscillating axion field acts as an exotic,
space-filling current source

£ (t) = —g@égmaeim“t

derivative
which drives E&M via Faraday’s law:
v X H’r - dtr — Ja

Periodic cavity boundary conditions
extend the coherent interaction time
(cavity size =~ 1/m,) = the exotic
current excites standing-wave RF fields.

Aaron S. Chou, QSFP lecture 2021

Ignore the spatial

The Dark Matter Haloscope:
Classical axion wave drives RF cavity mode

A spatially-uniform cavity mode can
optimally extract power from the
dark matter wave

Pu(t) = / Jo() - Bu(t) av

20




Axions vs WIMPs:

Resonant scattering requires size of scattering target = 1/(momentum transfer)

WIMPs and Neutrons
scatter from the
Atomic Nucléus

Photons and Electrons
scatter from the
Atomic Electrons

4 yeV mass axions scatter on

) ) . WIMPS scatter on 10 Fermi size atoms
50cm size microwave cavities

Aaron S. Chou, QSFP lecture 2021 21



voltage

Spectral analysis of output voltage time series

Discrete Fourier transform

AE/E ~ 108
$ . P
D )) -
% T Frequency
A Maxion (ener
=) gy)
(a7
-
]
—
Q
S M,Awmw«w
O
260 460 6(I)0 8(IJO 1000 Q
Frequency

time

Digitization rate fy,, gives maximum resolvable “Nyquist” frequency fy,/2.
Duration At of acquired time series gives frequency resolution Af = 1/2At.

Dark matter signal = excess above white noise backgrounds.

Aaron S. Chou, QSFP lecture 2021 23



LC Circuit with static B field

B
B A
— e ———
® Resonant conversion happens <. 1
—— L — C
when —1 T T

Mg = W = - |
/LC DM Radio science: axions

Frequency
kHz MHz GHz THz

® Scan the mass from 100 Hz to

|00 MHz b)’ tuning the £ SN 1987a y-ray 5
capacitor C 3 = ok DETECIOR V' &
9 T

§ g 10714t B <
: 2
Much broader detection frequency & 06 |, . oereeron
E) =t Now funded
é 10-18] by Moore
Foundation!
péV néV ye;V m(;.V

e.g. DM radio, ADMX-SLIC Mass

Assumptions: T=10 mK, Q=10°, 3.5 year integration time,
guantum-limited readout



Broadband Detection

® ABRACADABRA: no capacitor, simultaneous scan of

broad frequencies using SQUID. [Y.Kahn, B. Safdi, |.
Thaler 16']

Pickup Loop

M
¥ N

SQUID

10—](]

10712 EEe=

—14
10 ABRA-75cm

Gary [1/GeV]

10—16 -

10718

ABRA-10cm (100x Noise)

ABRA-10cm

-=== Broadband 5¢ Detection Threshold

—= Broadband Expected Constraint

---- Resonant 50 Detection Threshold
Resonant Expected Constraint

Broadband 1o Expected Constraint
Broadband 20 Expected Constraint

Hl Resonant 1o Expected Constraint
B Resonant 20 Expected Constraint

1077 107°
QCD Axion
Hl CAST
Hl ADMX
I ADMX Projection

&




Higher Frequency Electromagnetic Resonant Detection

TTITTTITrTTeeTe

-yt
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irror
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1 Dielectric Haloscope: discontinuity of E-field leads to
® coherent emission of photons from each surface, up to 50 GHz.
[A.Caldwell et al 177]

2.Plasma Haloscope: using tunable cryogenic plasma to match axion
@ mass, up to 100 GHz. [M.Lawson et al 19']

3.Topological Insulator: quasiparticle in it mixing with Efield becomes
g Polariton whose frequency can be tuned by magnetic field, up to THz.
[D.J.E.Marsh et al 197]




Birefringent effect

different phase velocities for
+/- helicities

Measure the change of
- ga'}'Aa(tobsaxobs; temitvxemit) the Position ang'e:

obs
Ga~ / ds n" d,a
emit Requires polarimetric
Ga[a(tobs, Xobs) — @(temit, Xemit )], measurements



GW Interferometers and Birefringent Cavity

9 |nterferometer: using vertically polarized laser and measuring the horizontal

component, resonant when baseline matches A, . [DeRocco, Hook 187]

Very Long Baseline R Photon reflects many times 4510 k , Helioscope
(aLIGO: 4km) ;

(aLIGO: typically 500 times)

F 14
] ~Yg,
10711 B B9 sN1987A

4km
FFFFFFFF

Designed to detect
tiny signals

power
recycling =
mirror Fobry-Pérot

laser i
beamsplitter q mirror mirmor
!

: 2 ; 10-18 [
Linear Polarized Laser is used , :

‘—- photodetector =1 { 0_1 7L

10" 10 10™ 10" 10" 101" 90" 10°
Axion mass [eV]

m Birefringent cavity: using mirror to accumulate the axion induced
sideband. [Liu, Elwood et al 18]

O C/QO

Cosmic Explorer

Coupling constant [GeV'1]
o

va [Hz]
102 10° 104  10° 106 107
Laser i T T T T T
;': ADBC Expected Limits :l.
10_2;' ¢=2m,T =max(35 7, 1 5), Ag -3
10_4;!: 0 /90  -=-n/15 m’f, ,____T__,.;uj,”"':
S — L iy e o \ E
a1 i ...; 10—6- H 3!
PBS %/ e % 100! F
. £ 10-10f .
3 s 10710k

) % = 10 ol ot
120 3

% g = - Integrated Limits, Ty = 30 days 1

\ £=2m 1074 Py = 10KW.f=2m -

' ADBC Experiment —t-iviete |

PD xperimen E I 1 1 I I I
O P 107 102 10" 107° 10° 10°% 1077
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Light Shining Through Walls Redondo, Ringwaid 107

1 1 | |
o =g ~N o

S -10
%

-11 [
d

g -12

2
vy
Y
Yo
m%
2

Low Opacity Hints

-13 Meyer et al. 2013

-14
*

) ) -15

-16

210 -8 26 -4 22 0 2
Log(ma/eV)

a Photons convert into axions in B field, pass through a
wall and convert back into photons.

® Both optical and SRF cavity [Janish et al 19].

g Not dependent on if axion is the major dark matter.




Nuclear Magnetic Resonance Budker, Grahametal 13]

@ CASPEr Electric: axion gluon coupling leads to oscillating
EDM.

@ CASPEr-Wind: axion nucleonscoupling ~Va - oy leads to
precession of the spin, proportional to axion DM velocity
(wind).

Larmor frequency (Hz)

=~ 10° 10° I 10° 108§
| —Sk T T T T T J T T T
% e / SN1987A
Bext ;S .»
A2 7 5 CASPE
b =e
SQUID S 10719} 60cm iti
’ ’ j 2 E cavities
(or better beyond SQL) a [
= _
-20 L
AAA g 107
/ £ ‘ 1
B = 10712 107° 107® 107

i i mass (eV)
Planck scale GUT scale

Larmor frequency 2 uBext = ms leads to NMR-like
resonant enhancement.




Axion-Induced Fifth Force voody, Wiczek, 84]

Monopole-Dipole axion exchange
Axion-mediated monopole-dipole interaction between nucleons:

QCDAxionmy in eV
o 1wt 107

Experimental Bounds

Astrophysical and Experimental Bounds

[ARIADNE 147]

Force Range in cm @




Current DPDM search

Haloscope sensitivity largely
depends on Q:
N “ St Superconducting cavity has

Q~107{10}

mHz Hz kHz MHz GHz THz eV keV

—_
O =
[ )

= O

Super ®, nebula

o e S G S e St
999999
N O ke W N

o
%
%
% [547

Pathfinder

—_
3
O

e,

10710 »

inetic mixing
1933

DPDMCEell
10_12 Reionjsati;n D,PDN{
10 13 (Caputoetal.) (i)
10—14
10—15
10—16 ; .

Black hole DarkSide
10-V superradiance

10718

K

XENON

AT A6 A5 AB A A2 AN A0 9 B T 6 5 A D A0 oA Ak A
1071074010710 107407107407 407 107407407 40740 A0 10 107 107107 107 40

Dark photon mass [eV]

Still a lot of room to
detect

how to make use it!?
5 orders more than

Axion limit webpage: https:/github.com/cajohare/AxionLimits/blob/master/docs/dp.md  traditional cavity. @



https://github.com/cajohare/AxionLimits/blob/master/docs/dp.md

SRF search for DPDM (2022)

Mix Cold Still
-20 dB}6 dB:-6 dBf

4K 50K
20 dB§ 0dB

>

B n=1.2all2
SRF cavity
fo=1.298 GHz :
Q.~8e9 #36 dB
Qext2=2.6e10

SHEHSHER

Tmp=5 K

0dBi0 dBi0 dB!

0dBi0dB |

+40 dB

Tamp=51 K

Spectrum
Analyzer
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10~ 10-°

Q"‘-‘8.7>!< I OA9 Dark photon mass [eV]
R. Cervantes,"[| C. Braggio,? B. Giaccone," D. Frolov,! A. Grasselino,’
R. Harnik,! O. Melnychuk,! R. Pilipenko,! S. Posen,! and A. Romanenko!

2203.03183



DPDM searches

Haloscope detail

Frequency [GHz]
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JuS 8utlag + SWOS

ODM = 0.45 GeV cm 3

I I L I ry T 1T T 1T I ! L

10°

—_
O|<D|
—_ —
(@) 6] ]

Dark phgton mas:

CMB distortion

FAST

First tunable results with
deepest exclusion limit

SHANHE collaboration, SRF scanning

arxiv: 2305.0971 |, (Accepted by PRL) T ezEinev)




SHANHE collaboration

PR 2l kg g I MR e 4

(N ; . ¢ 4 TR 141 .
N a}‘ ‘ LEAY ('! o A #) AL 7 7R N0 /"‘
SULARGEDP

g - Institute of High Energy Physics Chinese Academy of Sciences
RA o~
o supportive collaborations

d.h D) * 8% & i to A L

Institute of Physics, Chinese Academy of Sciences

Superconducting cavity for High-
frequency gravitational wave,
Axion, and other New particles in
High energy physics.

. FHELSHMER
Ph.D.: UChlcagO :?gfifufeﬁ Qinfum Science and Engineering

Boya distinguished professor: PKU

: : Looking for international collaboration
Both theory and experimentalist : .
if people get interested @




SRF Experimental facilities In PKU

@ residual magnetism<|0 mGs

® Static heat leak: < | W

@ Cooling power: >200W@2K




SRF in IHEP

PR 1 s g Jp Bl 1P e L

| WY& (L B d7 78 PG T

Institute of High Energy Physics Chinese Academy of Sciences
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SRF with AC B field

_ Source: a
Signal Mode: E
g 1 (almost monochromatic)

Z 3? + w—nat + wi En = gawat(Bata)

" " Pump Mode: B,
Static B,: Oscillating B,
W1~ My 0:(B) ~ 0 w1 ~wo+mg 0y(B) ~iwB
E, ~ MaGayy+/ pDMB E; ~ wWoY9avy+/PDMB
my — wi + i (wo + mq)? — w} 4 i {e0tmals

Signal enhancement at low frequency m, << w,

A.Berlin, R.T. D’Agnolo, et al, JHEP07(2020)no.07, 088.



SRF with AC B field

. Source: a
Signal Mode: E
g 1 (almost monochromatic)

Wn
Z 8t2 + —at —I—w,,% En = gawat(Bﬁta)

n Pump Mode: B,
Oscillating B;: R R
md T < '
e L)
wi ~wo+meg 0:(B)~iwyB
Mg W = wnptm,
—TT1,
Ly [,_,
w0 El
Scanning the axion mass by tuning the differences E,
between two quasi-degenerate modes

A.Berlin, R.T. D’Agnolo, et al, JHEP07(2020)no.07, 088.




SRF with AC B field

d_P . C[&)sig ~ majj [ [wsig = w; > majj

dw o
Pggy X ppyy M min (Q,, Q) Piig X ppyy w1 min (nTQa, Ql)
A A
-~
O o
pe 3 w1 /Q1
..g Ma/Qa 8 .
NN :
, Q
. 5 >
0 Wsig Wo W1 w
— | e —
Ma Ma
Main differences: signal power
2
(r) Es . Ta 9 9 .
Pgy ~ 7 mmin 1, — ) ~ waig B,V min(Q,/wsig, Qa/Mma)
r

A.Berlin, R.T. D’Agnolo, et al, JHEP07(2020)no.07, 088.



Axion Dark Matter Detection Using SRF

Hard to scan for a broad mass window in traditional cavity!
w1 = Mg (B) ~0

narrow mass window due to size of the cavity w1 ~wo+me  0(B) ~ iwyB

The AC magnetic field inside the SRF and two

frequency = ma/2n nearly degenerate modes enable the scan of

Hz kHz MHz GHz 106 axion mass from the

10-10 CAST frequency splitting.

10-12 Much broader detection mass
- window at lower frequency.
> 10—14
S
e 10-16

&

(=5

Only gray region is excluded.
Large unexplored parameter

I R 1018 space!
10~ 14 10~12 10-10 10-8 10~6 10~4

m, [eV]
A.Betlin, R.T. D’Agnolo, et al, JHEP07(2020)n0.07, 088. @

1016




Gayy [GeV_1 ]

ULDM: Quantum Detection Schemes

Traditional resonant cavity detection suffers that DM
mass must match the cavity's resonant frequency,
depending on the cavity size.
w1 =~ Mg (B)~0
Cavities cannot be very
large or very small, leading
to a narrow detection

w1 ~wo+mae 0(B) ~iwB

The alternating magnetic field in a
superconducting cavity means DM
mass depends on the frequency

range. )
frgquency = m,/on difference.
Hz kHz MHz GHz 6
10 . .
10-10 CAST With the quasi-degenerate
10° energy levels

/

010 superconducting cavity, the

DM mass range is much

12
0 broader in the lighter region.

fa [GeV]

1014
The gray area represents
the already detected

! 18 . .
04 102 100 108 06 o regions, with nearly no

m, [eV] current detection! @

1016




Broadband case

For ultra-light axion, W1 = W + Mg =~ W

Two degenerate and transverse modes can reach the ultra-light region!

frequency = my/21
uHz mHz Hz kHz MHz GHz

e=10"3
e=10"7 Qint = 1010
Qint = 1% tint = 1 day

tint = 5 years

e=10"9
Qint = 1010
tint = 10 days

Jayy [Gev_l 1

mechanical noise

10722 10720 10718 10716 10714 10712 190710 108 10~6 1074

mq [eV]
A.Berlin, R.T. D’Agnolo, et al, [arXiv:2007.15656 [hep-ph]].



Under preparation

TDR Iilfe
2= Fermilab

arXiv:2207.11346

TMgy, f=1411.2 MHz TEqyy, f=1410.2 MHz

SHANHE collaboration

1\

TE211-1 TE211-2

frsifan

TM210-1 TM210-2

Will be operating this summer



Other searches using SRF

L -
&
» Fermilab SQMS .
eSERAPH:
Single-bin search and ongoing scan
eDark SRF: i f(:q e 10°

» DESY:

eMAGO 2.0
Mode transition from GW-induced
cavity deformation.




{

Clever test of wave-like

DM (beyond SQL?)




Targeting higher axion masses predicted in cosmological

scenarios with high energy scale cosmic inflation

These simple inflation models also produce detectable primordial B-mode polarization
patterns in the cosmic microwave background — science target for CMB-S4.

f, (GeV)
1 01 2 1 010
—_ S il | 1 T T
L 5 | :
=5 2 — Higher axion mass
NT 1 00 Jd allows early release of
O = . .
N & T QCD vacuum energy.
EJ -g . . Avoids overproduction
CIEJ S 10~ Post-inflation 1 of dark matter.
c - . . -
= 2 misalignment
e © range
cbo 10_2 - r
What prevents us
L Borsanyi, et.al, Nature, 2016 1 from immediately
103 L '0 : '2 : going to higher
10 10 frequencies?

m, (ueV)

Aaron S. Chou, QSFP lecture 2021 28



The predicted axion DM signal/noise ratio plummets as
the axion mass increases =2 SQL readout is not scalable.

Photon rate

Lo 5 — .
0,10 R Z it Noise
= ESO/V E
210 b ¥
o = =
- A
103 E_ pos
= :
10?2 & <
10 -
1E %,
= a2 L
i ch oy,
10" E CO
= L, e
102 = Vi f
= —2/3
— Qcav X f /
102 :_ (Anomalous skin effect)
E | | | |

—L

o
—_

—L

10

Photon frequency  [GHZ]

29
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Heisenberg uncertainty principle
= quantization of (internal) phase space area

Wigner pseudo-probability distributions for the endpoint of the phasor:

Vacuum P [X,P]=i so AX-AP =% . Wikipedia

X
The vacuum state of the oscillator is a Sine wave with quantum uncertainty included.
zero length phasor which still exhibits The Gaussian width in the radial direction
zero-point noise. manifests as Poisson shot noise.

In polar coordinates, Heisenberg becomes number-phase uncertainty: ANxAg > %

Aaron S. Chou, QSFP lecture 2021 7



Lecture 2 review:

Creation/annihilation operators are just translation
operators in phase space

d
D= Z% Generates translations in position
PA
. . <AO .
T = Zi Generates translations in momentum N
— P Generate translations in an 7
a=1— ’l:p arbitrary direction in x-p phase . | _
>pace (@Xey X

=|a|cosO

Exponentiate differential operator to get D At oA
finite translation a in complex plane: (a) = exp ((xa <k (1)

“Coherent state”
describing a classical
sine wave

Phasor of amplitude a is generated as: D(a) |0) = |a)



Lecture 2 review:

Classical sine waves have intrinsic Poisson noise

Coherent states form a Poisson distribution
in the number state basis:

| > K ~t _ﬁ 2.0 a” L
a)=e 2 e*1|0) =€ ? E
n=0 \/’I’L!

P(n) = |(n|o)|*

T

(n) = (a'a) = |af”

Like the zero-point fluctuations, the Poisson shot
noise in classical wave intensity is a consequence

of the Heisenberg uncertainty principle.

Aaron S. Chou, QSFP lecture 2021

2'0

h

Coherent state

<n>=

Var(n) = 25.3

40
Photon number n

60




Lecture 2 review:

The resolution of a probe to displacement
signals is given by its phase space distribution

\I Y
, X I_’.\'




Amplifiers = scattering process via
nonlinear 4-wave mixing

Ex. Josephson Traveling Wave Parametric Amplifier uses Josephson waveguide

Aaron S. Chou, QSFP lecture 2021
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When signal and idler frequencies coincide - noiseless single
quadrature amplification - squeezed states.

Inject squeezed vacuum state into the open port of the cavity.
HAYSTAC Collaboration,

i e P Nature 590 (2021)
. r LA y 300 K
Y )
N A p] ax
\ X Squeeze
‘ . o 20 mK
injected
vacuum
Force =
from g __________
axions '

Y )]
I - ‘ ; ayrqg -
- X - X _ , Noiseless single

Drive N //CaVity quadrature
with dark amplification in
matter orthogonal phase

space direction
Again, think of the phase space distribution of the probe
as its resolution function.

Aaron S. Chou, QSFP lecture 2021



Quantum Noise Limit for EM
Resonant Detection

» Standard quantum limit for power law detection:
[Chaudhuri, Irwin, Graham, Mardon 18]

Noise PSD: resonant intrinsic noise S;,; + flat readout noise S. .

Current Noise in receiver circuit
Response

> Sensitivity to Ssi; and Siy: is the same. Vo

~~~~~~~~~~

SNR2 =« range where .

Sint dominates over S.. /\
Thermal +
Vacuum Noise

/ w‘jise

Frequency

» Beyond quantum limit:

Squeezing S,, e.g., HAYSTACK. Sint & Cauchy distribution

Increasing the sensitivity to Ssig, €.9., white light cavity in
optomechanics/GW detection [Miao, Ma, Zhao, Chen 15’]. @




PT-symmetric haloscope

v [ amplified readout conventional readout
[ b R ——————— I -----------------------------------------
................ : Il
LOSS..’.Y.... . " V Y A X f [l
| a ,a,f = 3 ie0 <
& : signal
P . :
a[ Vilbtoenesorbiosd T S e i N L TR TRt
& . - bb' o aa
Single Cavity Design Detector.Design e ’ e B )
& Y quantum amplifier conventional detector

with PT symmetry
Probing mode:

» Beam-splitting: hig(4b' + 4'b). ho(3+a%)o

» Non-degenerate parametric interaction: AG(bé + b'ét).

> PT-symmetry (3 <> ¢') emerges when g = G.

(3+&") = —i(g—G)b—iad+---;
b = —yb—iga+e&)+---.

» Coherent cancellation leads to double resonance.
Ssig is largely enhanced when g > intrinsic dissipation ~:

2’7,0425¢(Q) ( g2 ) 1
SS\;VLC Q) — . Readout coupling ~,
g ( ) (,7_|_,Yr)2_|_Q2 72_|_Q2



Sensitivity and Physics Reach

» Optimized SNR2[fy,,g — G] o« range where S;,t dominates over S,

2n

ox 2" (_L) " where g/7 — Qunt.

YNocc

Hz kHz MHz GHz

DEZ Cavity

e
Tere
e
...........
Tere
-------

-
,,,,,,,,,,,,
et

...... -- n=1WLC

""" n=3 BT
10714 10712 10710 1078 1076 1074
me [eV]

Log(Q/y)

» Resonant and, at the same time, broadband.
Y-f. Chen, M-y. Jiang, Y-q Ma, J. Shu., Y-t. Yang,
Phys.Rev.Res. 4 (2022) 2, 023015

» LC circuit: ineffective at low frequency due to large nocc.

» High Qint of SRF with BT can cover me > kHz QCD axion dark matter.

Increase the scan speed by 1000 times 183



Accelerated scan rate

Other models with similar effects has been proposed later

(b) ,
Km o (w) )
“B N
qg h )
WA | Wx 40 220 0
W/ Ky
H(l
WA
K¢ K. Wurtz, B. M. Brubaker, Y. Jiang, E. P. Ruddy, D. A. Palken and
K. W. Lehnert, PRX Quantum 2 (2021) 4, 040350
readout
(a) resonator ”_ circulator
K % ;“"B J— HITI
i cavity transmission T |
ad | WA line A L
% M(t)
= = solenoid -

Y. Jiang, K. O. Quinlan, M. Malnou, N.E. Frattini, and K. W. Lehnert,
PRX Quantum 4 (2023) 4, 020302




When squeezing the amplifier noise, the effective filter bandwidth
of the cavity can be increased to many linewidths
while maintaining constant Signal/(Cavity Noise) ratio

Cavity filters both signal and its own noise by the same Lorentzian transfer function.

(a) measurement port (b)

/

axion signal
cavity noise

measurement noise

PSD

Wo

Figure from K.Wurtz, et.al, arXiv:2107.04147

Speeds up the radio scan rate since more frequencies can be simultaneously checked.

Aaron S. Chou, QSFP lecture 2021 21



Quantum non-demolition “off-shell” sensors transduce
photon occupation numbers into atomic frequency shifts

Index of refraction diagrams:

|4 l/)* Y 1/1 w* 1'[)

() Y Y |4

Photons slow down Atomic clocks slow down
when passing through when interacting with a bath
a dielectric medium of background photons

The photon occupation number of the cavity mode is encoded as a frequency
shift of the probe atom.

Being far off-resonance of y* results in no net absorption of photons.

Quantum non-demolition: indirectly measure the same photon

many times (via atom’s frequency shift) to achieve higher
measurement fidelity.

Aaron S. Chou, QSFP lecture 2021 23



Cavity QED again:
Use another cavity mode to measure atom’s final state

Linear cavity 2-level “atom”
Bosonic oscillator, Fermionic oscillator,
Number operator= Q' Q Number operator = O »

h 2 2 2
H =~ hw, (aTa - 1/2) - ) (wa + iaTa - g ) '3 8 A=w-w,

Rewrite as:

2

2 3 h 2
th(wr—l— g—az) (aTa—l—l/Q)—l—— (wa—l—g—) o

The cavity mode’s frequency also depends on the atom’s occupation number (0 or 1)!
Measure cavity’s frequency shift with many probe photons without disturbing the atom.

30
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Quantum non-demolition measurements using atoms
Electric field of even a single trapped photon can “stretch” the atom and
change its frequency. Just like tightening a violin string.
Serge Haroche 2012 Nobel prize: Measure the same photon with
100’s of atoms using Ramsey phase-shift interferometry

Circular
state
preparation

Higﬁ"Q

cavity

An atomic clock delayed by photons trapped inside

Quantum computing terminology: controlled phase (parity) gate

25
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Any anharmonic oscillator exhibits 2-level system
behavior and acts as a fermionic artificial atom

10 20 r/ag 1.5
0 U —— e
E4F =
E3 n=4 e

Coulomb potential

&
-10
Real atom Artificial atom (Josephson junction oscillator)
Eq
_ssl: Both have non-degenerate energy level spacings due to the nonlinear
[eV] potentials, and thus can act as fermionic 2-level systems.

Jostling of the nonlinear oscillator due to electric fields from background photon fields
result in frequency shifts as the restoring force changes for larger amplitude motion

- Lamb shift from zero-point fluctuations
— quantized AC Stark shift from finite background photon occupation number



Use artificial atoms made of superconducting
“transmon” qubits to nondestructively sense photons

A.S. Chou, Dave Schuster, Akash Dixit, Ankur Agrawal, ... 7~ hwraTa n g(wé N 2an’a)az

Funded by

HEISING-SIMONS
FOUNDATION

DOE QuantISED

Fermilab LDRD

(g PLURIBUS i

The electric field of individual photons exercises the nonlinear inductance of the
Josephson junction. Photon number is transduced into frequency shifts of
the |g) — |e) transition. Same as Lamb shift, but for finite photon number.

Aaron S. Chou, QSFP lecture 2021 27



Single photon resolution:
Measure qubit |g) — |e) transition frequencies while weakly driving the
primary cavity mode into a Glauber state with <n>=1

(@) % ’—% (b) Qubit Excited State Probability
1.0 , .- .
Readout n=2 G n=0
0.5 - 12X
Transmon Dark Matter /.b: ¢
— — 4.746 4.748 4.750

Storage Frequency (GHz)

After displacing cavity with a sinusoidal drive, the measured qubit spectrum exhibits a
distribution of resonances which are in 1-1 correspondence with the Poisson distribution
of the cavity’s coherent state.

Non-destructively count photons by measuring the qubit’s quantized
frequency shift.

Aaron S. Chou, QSFP lecture 2021 28



Perform Ramsey interferometry with the oscillating
qubit “clock” to measure cavity photon number parity

Just like asking in an oscillation experiment, do the neutrinos see “matter effects” or not?
If there is a photon, the clock runs slow. If no photon, the clock runs fast.

le)
Bloch sphere:
Map qubit states .
to spin £1/2 D
19)
t=0

Prepare initial clock
state with n/2 pulse to

give |g) + |e) state

19)
T

U b ——

i qu

Evolve system to
accumulate
phase difference

over Stark period

Analyze with final
n/2 pulse to map:
Even N -2|g)
Odd N = |e)

The qubit’s “spin” flips only if a cavity photon is present.

Measure final qubit state |g) or |e) via freq. shift of

an auxiliary cavity mode.

Aaron S. Chou, QSFP lecture 2021



Parity measurement maps cavity state onto qubit

n=>0 ‘ A\
n=1 I / = '\ !

14




100
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40
Parity measurement Number
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Trigger on photons by
placing threshold on
MCMC probability ratio
Prob(y)/Prob(no y) for
observed spin-flip
sequence

Akash V. Dixit, et.al, Phys.Rev.Lett.
126, 141302 (2021)

Background = few 103 of leakage
photons per measurement.

Compare to amplifier readout which
gives +/- 1 photon of zero-point variance
per measurement.

Noise equivalent of 15.7 dB of
squeezing!

Aaron S. Chou, QSFP lecture 2021

®

Measured N

10° |

102

5
' )\thresh = 10 &

= T T

| ® Efficiency corrected

SQL

Efficiency = 40.9%
Dark count
probability =4.3x104

¢

10° 10

Injected N0

¢ | dark count probability

® o0
... 1)
o0 00 ¢

10° 10°  10°
Athresh 32

10°



Vacuum state 2008.12231

log1o[m./GHz]
-6 -3 0 3
-1 [ Rl
L oem
m~(GHz)
-8 6.000 6.011 6.022
w -7 ‘ ‘
o
= y lllllll||||” I||||IIIIIII
o o | I Qubit based
— 12} g -1 photon counting |
<
-15{ €>1.68x10" excluded with
90% confidence at 6.011 GHz -
-16t 24.81 2486 2491 7 _ ]
My (peV) SO
-14 40 6 ' -2
logio[m/eV]
Fock state 2305.03700
logio[m./GHz]
-6 -3 0 3
4 o
CMB (2)
-8 y
" 5.9656
=) .
%‘E ! Fock state E
tion |
= 12l s preparation |
&
S of T — ]
1 Stimulated | A. V. Dixit, A. Agrawal |
emission i PRL 126, 141302
.13.
-16 \ \ ‘
24.6675 24.6696 24.6717 Region predicted from
m, (ueV) high scale cosmic inflation
14 40 % =2

10g10 [mwz /eV]

Improved SRF Q by 1 order by
using Nb instead of Al

Better measurements by using
the cat-like states

Our new results ~ 10M-16}



So what do we do for even higher frequencies?
Figure adapted from DOE "Small Dark Matter” BRN Study, 2018

Atom interferometry
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One can instead use a huge dish antenna whose area
contains many wavelength-squared pixels

D. Horns, et.al, JCAP 1304, 016 (2013)

This is like
having an array
of N cavities,
where each
cavity only gets
1 bounce.

Axion emits
transition
radiation upon
impedance
mismatch.

Dish antenna 1 '
emits signal f;::
photons |

The photon waves from the individual pixels can
be focused using geometric optics.

For large dishes, N spatially distinct emitters
could produce the same coherent sum as that of

Q bounces inside a resonant cavity.

18
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Since the axion can convert into photons when
encountering any interface which breaks translation
symmetry, we can also use many dielectric plates

RERNRNEREREREN)
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Y

Yy

e =

YvY°VvYYY

S O Aeh O

Mirror Dielectric Disks Receiver

MADMAX idea,
A. Caldwell, et.al, Phys. Rev. Lett. 118, 091801 (2017)
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However, for achievable magnetic fields, the
photon signal rate is low

Figure adapted from Horns et.al (2012)

-10

These will be long duration
experiments, and we do not
yet have the single photon
detection technology with
sufficiently low dark rates.
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Dark counts probably not cosmic rays —
observed 10-2Hz rate in qubit CPU’s is too low

Resolving catastrophic error bursts from cosmic rays in large arrays of .
superconducting qubits M. McEwen, et.al, arXiv:2104.05219

Matt McEwen,'? Lara Faoro,> Kunal Arya,> Andrew Dunsworth,? Trent Huang,? Seon Kim,? Brian

c)

Google Sycamore chip already functions as a
phonon detector with 100% chip-wide failure
in response to ionizing radiation events which
can be localized in both space and time

a) ¥ 11y b) ; .
/ ry 3 oy Carrier Chip
Qubit Layer / R Tl Qubit Chip
My Jon Josephson %
INANAANNNNS Junction
N AVAVAVAVAVAVAYY Phonons
Substrate
y

Errors

Figure 3. Localization and spread of error. (a-b) Time-

Eventually axion experiments will have to move underground just like WIMP experiments,
but cosmic rays are not currently the dominant background.



Superconducting devices all suffer from mysterious
non-equilibrium quasiparticle population

These now appear to be created in discrete, time-resolved events.

LI 1 1 1 LI L -

E.T. Mannila, et.al, arXiv:2102.00484 (2021) B ! !
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Origins of events still a 20-year-old mystery....
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Cosmic ray detection from Q Qbits

Nature 584, 551-556 (2020)
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Cosmic rays ionize the substrate to produce electron-hole pairs, which
subsequently generate phonons.

These phonons in superconducting materials break Cooper pairs to
produce quasiparticles, and the tunneling of these quasiparticles
generates signals in quantum bits.



Charge parity &

Quasiparticle tunneling causes a
change in the charge parity on both
sides of the Josephson junction.
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Dark matter and quantum qubits
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Dark matter scatters in the substrate to produce phonons, which in turn
generate quasiparticles in the superconducting film. The tunneling of these

quasiparticles generates signals in the quantum bit.



Dark counts in deep underground

Evaluating radiation impact on transmon qubits in above and underground facilities

Francesco De Dominicis,»2'* Tanay Roy *,3' T Ambra Mariani,* ¥ Mustafa Bal,® Nicola Casali,*
Ivan Colantoni,* Francesco Crisa,® Angelo Cruciani,® Fernando Ferroni,’»* Dounia L Helis,?
Lorenzo Pagnanini,’»? Valerio Pettinacci,* Roman M Pilipenko,® Stefano Pirro,? Andrei Puiu,?
Alexander Romanenko,® David v Zanten,® Shaojiang Zhu,®> Anna Grassellino,® and Laura Cardani*
L Gran Sasso Science Institute
2INFN, Laboratori Nazionali del Gran Sasso
3 Superconducting Quantum Materials and Systems Division,

Fermi National Accelerator Laboratory (FNAL), Batavia, IL 60510, USA
4INFN, Sezione di Roma

S [llinois Institute of Technology
(Dated: May 29, 2024)

Fermilab SQMS to Gran Sasso Laboratory (INFN-LNGS, Italy).
Still there are unknown dark counts.....

A FERF TG

China Jinping Underground Laboratory

IRE TSRS

Beijing Academy of Quantum Information Sciences

Aiming for low threshold
quantum qubits DM detection

Proposed spin flip Collaboration of JinPing Deep
measurements under Jinping Underground Quantum Instrument
underground laboratory. Experimental (CJPDUQIE)
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Summary

> Astronomers discovered the "dark matter problem"
nearly a century ago, but what DM is remains an
unsolved mystery.

> Exploring the physical nature of DM is a long and
challenging journey. (Enjoyable as a scientist?)

> Discovering the existence or non-existence of DM would
both be a significant breakthrough, likely triggering a new
revolution in physics (fundamental science).

Thanks!



Modern astronomy plays an increasingly

prominent role in science

Since 1936, 28 people in the field of astrophysics have won the
Nobel Prlze in Physms 13 tlmes In 17 categorles
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Can we expect the discovery of DM? Or something else?
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