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The High Energy Frontier
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The Length Scales in the Universe
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Opportunities at the Precision Frontier
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The Mystery of Dark Matter

Other
nonlumlnoys

. : components
Dark Energy Dark Matter mter(]g\nctic gas 3.6%

~ 7304 ~ O/ neutrinos 0.1%
3% 23% supermassive BHs 0.04%

-
Luminous matter

stars and luminous gas 0.4%
radiation 0.005%
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Models of Dark Matter

® What is it made out of?

® [How s it pr‘m‘] uced?

® Does it have interactions other than gravitational?
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Outline

Light Bosonic Dark Matter

Atomic Clocks

Resonant Mass Detectors

Molecules

Black Hole Superradiance
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Why 1s the Electric Dipole Moment of the Neutron Small?

The Strong CP Problem and the QCD axion
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Neutron
EDM Experimental bound: 0, < 10-10
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Why 1s the Electric Dipole Moment of the Neutron Small?

The Strong CP Problem and the QCD axion

o2
Ys
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327T"

95 ﬁjs ’ ﬁs

Neutron
EDM Experimental bound: 0, < 10-10

Sululiun:

0, eca(x,t) 1s a dynamical field, an axion
Axion mass from QCD:

107 GeV (3 k)~ 10'7 GeV

1y ~ 6 x 107 eV
/ fa .

I;. axion (lt‘t‘il\-’ constant
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Elements of String Theory

® i xtra dimensions
® Gauge fields

® ' lopology

ES R
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Elements of String Theory

® i xtra dimensions
® Gauge fields

® ' lopology
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Elements of String Theory

® [ xtra dimensions
® Gauge fields
® Topology

Give rise to a plcnitude of Universes
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Non-trivial gauge configurations

The Aharonov-Bohm Effect

1

Ta]\'ing an C]CCt[’Oﬂ around t]'lC SOlCHOi(l

e / A, dx” = e x Magnetic Flux
while

B =0

l‘:ncrgy stored onl\f inside the solenoid
Non-trivial gauge configuration far away carries no energy

Solenoid
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Non-trivial gauge configurations

The Aharonov-Bohm Effect

Taking an C]C‘Ctl"Oﬂ around t]'lC SOlCl10id

, \ e / A, dz" = e x Magnetic Flux

-

1 .
: while
|

Y ; B=0

:ncrcr\: Storcd only il15i( ¢ tne so Cll()i(
Energy stored only inside the solenoid

Non-trivial gauge configuration far away carries no energy
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A Plenitude of (Almost) Massless Particles

® Spin-0 non-trivial gauge field configurations: String Axiverse
® Spin-1 non-trivial gauge field configurations: String Photiverse

® Fields that determine the shape and size of extra dimensions as
well as values of fundamental constants: [Dilatons, Moduly,

!i.’n“()li
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What If DM Is a Boson and Very Light?

Usually we think of ...

% %o 33.
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like a WIMP
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What If DM Is a Boson and Very Light?

Usually we think of ... instead of...

Ve o &gﬂ/\%
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like a WIMP
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What If DM Is a Boson and Very Light?

é77,.. §
T~ I/I/lq Decreasing DM Mass
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What If DM Is a Boson and Very Light?

. dark matter

77 S o/
/\M T\/\/\ I/I/lq Decreasing DM Mass _—;

7 \N“ scalar field
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Going from DM particles to a DM “wave”

: 1
When npa >
Af)!\f
In our galaxy this happens when mpy < 1 eV/e?

we can talk about DM ¢(x,t) and locally

rf)(t) =~ rf)“ coswpart

‘.\'“}] .”LIH})E’HH'\]‘R‘ W ll‘ h{‘i!“‘.'f’i\"\
e m 2
i : mparc
, v DM density WpM A
P X h

DM mass

and linite coherence

D]
mpapv”

h

dwWppm =~ 10 %w DM

Pirsa: 18060032 Page 22/66



Light Scalar Dark Matter

® Just like a harmonic oscillator

ff” +3 H (/§5 + ?H.;’?;,() =)

l:I*OZCI] W l'l cn:

Hubble > mg

Potential Energy

scalar held

lnilin] ('Umhliuns sel l)_\-' inﬂ;lliml

The story Ch.‘mgvs s|ig‘ht]l\' if DM 1s a dark |1]ml(m
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Light Scalar Dark Matter

® Just like a harmonic oscillator

ff” +3 H (/§5 + ?H.;’?;,() =)

l:I*OZCI] W l'l cn:

Hubble > mg

Oscillates when:
Hubble < mg

Potential Energy

pe scales as a3

just like

scalar held

lnilin] ('Umhliuns sel l)_\-' inﬂ;lliml

“The story Ch.‘mgvs s|ig‘ht]l\' if DM is a dark photon
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Potential Energy

Light Scalar Dark Matter Today

® I[fmy <1 eV, can still be thought of as a scalar field today

Coherent for vy;2 ~100 purimla‘

scalar held

/8T 4, . 10718V
Kg 5 a 6.4-10719( —
' m,j,:"u'].q My,
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Axion Dark Matter

Some L‘x;lmph‘s

® Axion-to-photon conversion in EM cavities (ex. ADMX)

a Y
e VAVAVAVAY

0

® At large wavelengths, axion detected via LLC circuits

(ex. ABRACADABRA)
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Axion Dark Matter

Some L‘xgimpk‘s

J\.‘x(}llt)[){)]t'—l)i[){)l(' ]]l[(‘l{l{'li()]l [)‘Ill(llt‘—[)ill(llt‘ [Ill('[';i( |iUII

.4 *

/7 /7

Mass with N nucleons Spin N .\|1in.~ Spin

® Axion Force experiments (ex. ARIADNE) and DM experiments
(ex. Casper)
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Dark Photon Dark Matter

Some L‘xgimpk‘s

® Detected if kinetically mixed with the photon
LOcEppmlipy + BevBpar)

® Detected like a photon (ex. DM Radio and ADMX)

DM electric field ~ \/ppar — 50 V/em
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Moduli Dark Matter

® Moduli set values of measured fundamental constants

® Examples of couplings

o

I, =
T Mpl

mece

1 1 11
.;'UIE(EJLEB.M‘[I[NE constants are nol i(‘il.itr\f constants
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Oscillating Fundamental Constants

From the local oscillation of Dark Matter

[Ex. for the electron mass:

)

l
(Hi-, A[‘n]

meee

dmne  dy Gy . \
= &~ ——=— cos(myt)

me  Mpy

1071 eV d,,,

o an—13 '
=6 x 107" cos(myt)
n
M 1

Fractional variation set by square root of DM abundance
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Other properties of light scalars

® Mediates new interactions in matter

® (Generates a ﬁfth force in matter

O

® Generates Equivalence Principle violation
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Keeping the DM time with Atomic
Clocks

\’\’il’l‘l -J unwiu Huang

and Ken Van Tilburg (2014)
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Oscillating Atomic and Nuclear Energy Splittings

® Optical Splittings

AFE, iea X R Me ~eV

® Hyperfine Splittings

5 M
AF X AE‘)M'" ;1\(}'7:'1".1 (—> ~ 100 eV

hyporfine .
’”l"

® Nuclear Splittings

AE (my, as, apm)~ 1 MeV
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Atomic Clocks

® Kept tuned to an atomic energy level splitting
Current definition of a second:
the duration of periods of the radiation
Correspm‘lding to the transition between the two |13.:perl'inc levels
of the ground state of the atom

® Have shown stability of 1 part in 1018

C-nm});n‘v:{ to | |);u‘l in 1013 L‘xp(‘(‘lml l)_\-' DM

® [lave won several Nobel prizes in the past 20 years
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How does and Atomic Clock Work?

Keep a laser tuned to a long-lived (> minutes) atomic transition

/\M’ Splitting

LASER

T,

cycling

t

o VN

oxpeaerimaont
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How does and Atomic Clock Work?

Keep a laser tuned to a long-lived (> minutes) atomic transition

m Splitting

LASER

T,

cycling

F NNV

oxpeaerimaont

Teyeling time that 1t takes to do one measurement (()i-()l‘(lt‘]‘ the atomic liIl(‘lim(‘)
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How do you take the measurements?

® Observe two clocks every Teycling to remove systematics

® Calculate ratio of frequencies which depends on Dark Matter

® Take Fourier transform to look for oscillations with period longer

than Teyeling
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What type of comparisons can we do?

® Hyperfine to Optical transitions

@® Sensitive to me, My, and o (lcss to atEm)

® Optical to Optical transitions

® Sensitive to apm

® Nuclear to Optica| transitions

® DSensitive to me, ®EM, Mg, and o
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The Dy isotope and Rb/Cs Clock Comparison

Ken Van 'l'i”uui-
L .. and the Budker aroup (2015)
sensitivity to apEpm variations
Hees et. al (2016)
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Nuclear to Optical Clock Comparison

Future Svnsili\-'il_\.' ()I‘;l I)I'H]'l‘ll (‘I(n‘l{ \\'illl 10-15/T2- 12 noise

]()g”}l,ﬁj)/l_lz‘l
> 4 6 8 10

o

gravity

)

coupling to m, relative to

~24 =22 =20 -I8 -16 -14 -12 -10 -8 -6 -4

log,lmy/eV]
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Comparison of two spatially separated Sr clocks
with Peter Graham, Jason Hogan,

Surjeet Rajendran and Ken Van '|'i]|u||'_\'_-(',’l)|l':]
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Gravitational Wave interferometers such as alL1GO not sensitive enough due to laser noise
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Oscillating Interatomic distances

® The Bohr radius changes with DM

® rp~ (¢ me)!

orp davppar 01,
= — +
p [V me |

® The size of solids changes with DM

® [~ N (ame)!

oL (\‘(l:;f__‘;\,r (S?H{.
= — +
L Y EAS me
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Resonant-Mass Detectors

® In the 1960’s:

o wk T
r s @ W
% ",v 4 g .

Strain sensitivity h~10-17

® Today: AURIGA, NAUTILUS, MiniGrail

Strain sensitivity h~10-23
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Experimental Sensitivity
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How do we look for Dark Matter if it only
couples through gravity?
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Black Holes as Particle Detectors

with

Dimopoulos, Dubovsky, Kaloper, March-Russell (2009)
Dubovsky(2010)

Baryakhtar, Huang (2014)

Baryakhtar, Dimopoulos, Dubovsky, Lasenby (2016)
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Black Holes as Nature’s Detectors

I lilTl ‘10 bi]li()ﬂ LZITI

rl‘llt.‘.\" can (]('l(.‘('l l)()S()lIH ()1.Sillli|ill‘ il‘l .‘-'-i}’,(.‘
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September 14, 2015

T T
LIGO Hanford Data Predicted
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Super-Radiance Cartoon

Super-radiant scattering of a massive object
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Super-Radiance Cartoon

- : : .
Super-radiant scattering of a wave
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Black Hole Superradiance

Penrose Process

" Rnt;liing Black Hole

’
s

~
~

h {roore ol
[irgoregion

FErgoregion: Region where even light has to be rotating
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Black Hole Bomb

Press & Teukolsky 1972

Photons reflected back and forth from the black hole
and through the ergoregion
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Black Hole Bomb

Press & Teukolsky 1972

Photons reflected back and forth from the black hole
and through the ergoregion
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Black Hole Bomb

Press & Teukolsky 1972
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Photoh!rcﬂcctcd baclmd forth from the black hole

and through the ergoregion

- ' 77
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Black Hole Bomb

Press & Teukolsky 1972

-

Photons reflected back and forth from the black hole
and through the ergoregion 4
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Superradiance for a massive boson

Damour et al; Zouros & Eardley;
Detweiler; Gaina (1970s)

=

Particle Compton \*V;l\-’clcnglh (‘on‘lpamlﬂc to the size of the Black Hole
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Superradiance for a massive boson

Damour et al; Zouros & Eardley;
Detweiler; Gaina (1970s)

Particle Compton \*’Va\-’clc‘.ngm Con‘lp;u‘al)h‘, to the size of the Black Hole
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Gravitational Atom 1n the Sky

The gl';l\-’il;llinmll I l_\'drogcn Atom

Fine-structure constant: a = GyMpypty = Rypiq

Principal (n), orbital (1), and

92
Ly
: f y l"- . . f—
I11ilg‘netl(‘ (ﬂ]) (Illﬂntun1 l1l||]1ber i()r t‘.il(‘h |f3.\-’el binding ‘)I’;‘J

1\1"1-“] li”‘l‘l‘l‘i'i‘l( cSs E.{'i}![! !!\igil).f','(\ll atome:
[Levels m'x'l:gm‘ti i:_\.' bosons n(‘t‘u});llinn number >1077

In i{n_m.r:; Boundary Condition at Horizon
£ ;
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Superradiance Parametrics

fiLl}j(:Fttl(li;ll}(‘Lr Condition

(1)
“axion

< m Sy

m : magnetic quantum number

Q, : angular velocity of the BH

, i Q.
Univer ."-i.'li Phenomenon: ,--*"’Tﬁ
oy ) mC—i(ml—:mp)
Superluminal rotational motion of a conducting cylinder
-
' Cerenkov
p cone
Superluminal linear motion - Cherenkov radiation 1/n(w) < v =8 -
v

Condition can be extracted from reqLﬁrh1g1}ullnh\n[|> 0
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Superradiance Parametrics

Su wdhiance Rat
tor ~0.6 x 107 R, for Ry jra~ 0
.-\.\ .\l]l!l'l as ](](] SCC VS Taceretion ™ “]:‘ .\"“‘”3
When R, pa >> 1, When Ry pa << |
T3 T (o ) o 24N
Tor = 107> T Wallo) B = (=) -
s7 g Tsr = " (1taRg) "Ry

Event horizon
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Super-Radiance Signatures

GW annihilations

axion

N f 10kHz x (j1, /10711 V)
gl'.’l\'il(m

" ~ s
/ Egraviton = 2 Muxion

axion ¢

.Signal enhanced b&\r the square of the ()vcup;ltinn number of the state

. 4 1
0o [ 1kpe a/f\N?T a3 M
Rpeak ~ 10722 -‘
tpeal ( r ) (0.5) ¢ (mM[;)

® Signal determined by the annihilation rate (can last thousands of years)
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Expected Events from Annihilations

® [arge uncertainties coming from tails of BH mass distribution
f (Hz)
100 1000 10000

ANNIHILATIONS S e Explores
y 3 Voyager
s al.1GO Design

M @ 0 02 09090 T WLIGO 2015

100

o | year

Expf_‘CtE‘d dCtECL’—lblC sources

2 days

001 . . s
10" 101

TR 10"

H, (eV)
Pessimistic: flat spin distribution and 0.1 BI l/{.‘L‘IllLII‘_\'
Realistic: 30% above spin of 0.8 and 0.4 BH/century

Optimistic: 90% above spin of 0.9 and 0.9 BH/century
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Length Scales 1in the Universe

Standard
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There are more things in heaven and earth, Horatio,
Than are dreamt of in your philosophy.

- Hamlet

10-3
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