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The Standard Model
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Contains ~20 particles and ~20 parameters
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The Scales in our Universe
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The Scales in our Universe
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The (:-UHII]U]OEiL’EII Constant Problem

\-Vhy is the Universe so large?
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The Scales in our Universe

Neutrinos Standard ) ,
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The Hierarc |l‘\' Problem
Why 1s Gravity so weal?
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The High Energy Frontier
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Particle Physics — Precision vs Energy Frontier
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80% of scales unexplored
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The Scales in Our Universe
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Opportunities at the Precision Frontier
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The Mystery of Dark Matter

Other
nonlumlnoys

4 . components
Dark Eﬂetgy Dark Matter Ir\ter(]g\nctic gas 3.6%

~ 73% ~ 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?

Anvthing from 1022 eV to 107° ¢V in mass
Anything | 10

® [How s it pr‘m‘] uced?

® Does it have interactions other than gravitational?
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Outline

Light Bosonic Dark Matter

® Axions

® Dark Photons

® Moduh
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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: 05 < 1010
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Why 1s the Electric Dipole Moment of the Neutron Small?

The Strong CP Problem and the QCD axion

o2
Ys

« )
(gBW‘-

95 F_js ’ ﬁs

Neutron
EDM Experimental bound: 05 < 101

E;()Illlitllll

0 ~a(x,t) 15 a (l.\.-'I"ILlI‘I‘li{‘Lll field, an axion
Axion mass from QCD:

1017 GeV ~ (3 km)"! 1017 GeV

1y ~ 6 x 107 eV
/ I .

I;. axion (1(‘(‘;[\-’ constant
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Why 1s the Electric Dipole Moment of the Neutron Small?

The Strong CP Problem and the QCD axion

o2
Ys

« b}
(gBW‘-

95 F_js ’ ﬁs

Neutron
EDM Experimental bound: 05 < 101

E;()Illlitllll

0 ~a(x,t) 15 a (l.\.-'I"ILlI‘I‘li{‘Lll field, an axion
Axion mass from QCD:

1017 GeV ~ (3 k)" 1017 GeV

1y ~ 6 x 107 eV
/ I .

I;. raxion (1(‘(‘;[\-’ constant

i\"‘ll,‘(liill(,‘tﬁ new lll)I‘(‘(,‘H le](l can l)L‘ 1|1L‘ (Iill‘li matter
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Elements of String Theory

® i xtra dimensions
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Elements of String Theory

® i xtra dimensions
® Gauge fields

® Topology
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Elements of String Theory

® xtra dimensions
® Gauge fields
® Topology

Give rise to a plcnitude of Universes
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A Plenitude of Massless Particles

C-mnp;lt‘li“culiun nulum”t\_’ gi\-'cs rise to massless }.mrticlus

In the presence of non-trivial topology,
non-trivial gauge field CO[]fingrzltions can carry no
energy,

resulting in 4D massless particles
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Non-trivial gauge configurations

The Aharonov-Bohm Effect

L

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

e / A,dx” = e x Magnetic Flux
while

B =0

l‘:nl.‘]"g‘\.-’ Sl()I‘L‘(l ()nl\f insi(l(_‘ tl"l(_‘ S()l(_‘n()l({
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 SOlCl'l(')id

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

while

-

.\ ; B=0

:I‘Il_‘]"("\.-' Sstorcd only il15i( ¢ tne so CI1()i(
Energy stored only inside the solenoid

Non-trivial gauge configuration far away carries no energy
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Non-trivial gauge configurations

The Aharonov-Bohm Effect

Taking an C]C‘Ctl"Oﬂ around t]'lC SO]CI']Oid

I,’ \\ *
N \\ ) / - ) /¢ - - i >
, \ e / A,dxt = e x Magnetic Flux
N A .
P 1\
L} ' .
. ' while
'l A
\l : — ~
1 : B=0
\\ ”
Non-trivial topology:
"13]0(‘]{ing out” the core still leaves a non-trivial gauge, but no mass

Pirsa: 17080018 Page 24/59



Pirsa: 17080018

A Plenitude of 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{J(“()Fl
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Properties of Plenitude of Particles from String
Theory

® They couple very weakly to the Standard Model
® They can be extremely light

® Constrained if the coupling is large enough by astrophysics,

BBN, CMB...
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What If DM Is a Boson and Very Light?

Usually we think of ...

like a WIMP
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What If DM Is a Boson and Very Light?

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

like a WIMP

ADM =
Mpav
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What If DM Is a Boson and Very Light?

%ﬁ
avvi Tf/\/\ I/I/lﬂ | Decreasing DM Mass
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Going from DM particles to a DM “wave”

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

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

O(t) = ¢pgcoswpat
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Light Scalar Dark Matter

® Just like a harmonic oscillator

‘7” +3 H (/?J + ?H.;’?;,() =)

Frozen when:
Hubble > mg

=

Potential Energy

scalar held

[nitial conditions set l)_\-’ inflation
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Light Scalar Dark Matter

® Just like a harmonic oscillator

‘7” +3 H (/?J + ?H.;’?;,() =)

Frozen when:
Hubble > mg

9

o

A

- Oscillates when:
g Hubble < my
3

pe scales as a

just like

scalar held

[nitial conditions set l)_\-’ inflation
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Light Scalar Dark Matter Today

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

=

Potential Energy

Coherent for vy, 2 ~10° periods

scalar hield

. vV 8o, 1018 eV
K@ E—

6.4-10" 1
NJ,},J"H'|.»| ’ ( my,
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Scalar Dark Matter and Isocurvature Fluctuations

During Intlation

. 6q)c]1|;lnlum ~ HUbblC

® Scalar Dark Matter carries its own fluctuation spectrum

@ \ (“.‘-;l'(}‘\'L“I'\' (li.It‘i!.\'{}i' maodacs (‘\\'Ei][!(‘\ l‘_“,::“ t}{li'I ()[ [Il(' |¥.’Il'.HI]R‘lL‘!'

5‘1]}(1('{‘
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Axion Dark Matter

Some L‘x;lmplcs

® Axion-to-photon conversion (ex. ADMX)

— — i — —

_ ! A
Cavity size = Axion size
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Axion Dark Matter

Some L‘xgimplcs

J\i(}[lt)[){)]t'-l)i[){)l(' ]]l[(‘l{l{'li()]l [)‘Ill(ll(‘—[)ip(llt' [Ill('[';i( |i(JII

A >
/ /

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

® Axion Force experiments and DM experiments
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Dark Photon Dark Matter

Some vx;implcs

® Detected if kinetically mixed with the photon

L OelFppFpau

® Detected like a photon (ADMX)

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

® Couple non-derivatively to the Standard Model (as well axions

with CP violation)

® Examples of couplings

A, =0,
L=Lgyy + Vhe \ Os
!

Ogar = meee, maqq, GL, Foag,

l‘ll]l(i;llllt‘[ll{!. constants are notl I’k‘&l“r\f constants
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Oscillating Fundamental Constants

AN, J. .|L|.|||i-, K. Van |"|||m|{-_ (2014
From the local oscillation of Dark Matter

liX. I.()I‘ lI'IL‘ L‘I(._‘(..‘ll'()l’l IMass:

— ¢ 2 My = 10'8 GeV
dyp. V he mec”ee bl

Mp; reduced Planck scale in energy

M N Ao 0o

~ cos(wpart)
Me Mp, '

: ,. 1018 eV [d,n.
= 6.4 x 107" cos(wpast) ( (,) ) (( - )
mpace p l )

le. : unupllng sll'vnglh relative to gravity

Fractional variation set by square root of DM abundance
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Ultra-light Scalar Dark Matter

® Mediates new interactions in matter
® Generates a hifth force in matter

O O

® Generates Equivalence Principle violation
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Oscillating Atomic and Nuclear Energy Splittings
due to Dark Matter

® Optical Splittings
AE, iom X Qe ~eV

® Hyperfine Splittings

5 e
AE 5.4 AE”M.'.; 41‘(}I71'J'\J' (—> ~ l(}_h eV

hyporfine .
my

® Nuclear Splittings

AE (my, as, apm)~ 1 MeV
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Oscillating interatomic distances
® The Bohr radius changes with DM
® s~ (« mL.)‘I

orp davp 01
— = +
LV M Mme |

® The size of solids changes with DM

® L~ N (am.)!

oL J (Yn:;f_:ﬁ,r (’)“!Hr
-t

L EN me

For a singlc atom 8rp~ 10 m
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How do we look for Dark Matter if it only
couples through gravity?
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Black Holes as Nature’s Detectors

L e

I l\'.lTl ‘10 bi]li()ﬂ LZITI
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What will the Universe look like?

LIGO and PTA look at different frequencies:

(;I'.’I\'i’;[li-l()il.'ll ‘\‘\'.I\ [ :\\.‘wl ronomy
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T | [ T | T T T ‘I T T T T
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| black—holes
&) I / 7
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[=] Binary collapse
Q-ﬂ_‘ black-holes \
o in galaxies ) \ll
— i/
o /
o = Standard Curre -
| inflation
Unresolved
Galaclic binaries
0 PPTA LISA LIGO
o) L | L L 1 L 1 L 1 1 1 | 1 Il 1 1
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Super-Radiance Cartoon

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

~ . . .
buper-reldlalnl scattering ol 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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Superradiance for a massive boson

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

=

Particle Compton Wavelength comparable 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 Wavelength comparable to the size of the Black Hole
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Gravitational Atom 1n the Sky

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

Fine-structure constant: a = GyMpypty = Rypiq

Principal (n), orbital (1), and

mzlgnetic (111) quantum number f()r t‘.il(‘h |€\-’€1 Elximlmg -

2
O g

2n=

iy iy

1\1.”1;;” ll”‘l‘l‘l‘('l]( ¢S .{'(\lil ]i\l;il.‘.‘['\\ll atome:
[Levels m'('ll]m‘cl by bosons n('(‘up;llinn number 107"

In igu]n:‘{' Boundary Condition at Horizon
c .
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Key Points About Superradiance

® For light axions(weak coupling) equation identical to Hydrogen
atom

® Boundary conditions different:

® Regular at the m‘igin —— ]ngoing (BH 1s absorber)

® Hermitian » Non-hermitian
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Superradiance Parametrics

fiLl})(:Fttl(li;ll}(‘Lr Condition

(i)
“Waxion

< m 2,

m : magnetic quantum number

Q, : angular velocity of the BH

, N
l|11|\¢‘|.\';1| P|n‘|m|m‘nnn: ,--*"’Tﬁ . ,
oy ) oc(_\"(-"”"“{l”
Superluminal rotational motion of a conducting cylinder
-
' Cerenkov
Py cone
Superluminal linear motion - Cherenkov radiation 1/n(w) <v =8 P
v

Condition can be extracted from req1ﬁrh1g1}uﬂ d[\n[|> 0
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Superradiance Parametrics
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Super-Radiance Signatures

GW annihilations

axion

N f 10kHz x (1, /1071 eV)
gl'.’l\'i((m

" ~ N
/ Egeaviton = 2 Muxion

axion ¢

® Signal enhanced by the square of the occupation number of the state

1

p
2o [ 1kpe aft\? a2 M
}- yenk = 10 2 J
Lpeak ( P )(()_5) [4 (ll)ﬂf{g_)

® 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 o oui Eaplorer
Voyager
s al.1GO Design

MUY @ 0 09090 ! WLIGO 2015

100

o | year

E.‘{pf_‘th_‘d dctectable sources

3

days

001 . . et
10" 101

1o~ 10"
He (€V)

Pessimistic: flat 5[)i1) distribution and 0.1 BI l/{.‘cnlul‘.\'
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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What will the Universe look like?

LIGO and PTA look at different frequencies:
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The Scales in Our Universe

eV U 105 10° 10" 1028
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