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A New Particle

Non gravitational interactions?
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A New Particle

Non gravitational interactions?

How do we detect them?

Weak effects. Need high precision
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Precision Instruments

Impressive developments in the past two decades

Current

Magnetic Field

‘m Current

Superconductor

Voltage ) : Vaoltage
Magnetic Field < 10—16i Accelerometers < 10717 5
~ v Hz ~ v Hz

(atom and optical

(SQUIDs, atomic magnetometers) interferometers)
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Precision Instruments

Impressive developments in the past two decades

Current

Magnetic Field

Superconductor Current
Voltage | i Jottage
- — g
Magnetic Field < 1071°%—= Accelerometers < 10 .
i vHz

(atom and optical

(SQUIDs, atomic magnetometers) interferometers)

Rapid technological advancements

Use to detect new physics!?

1413 102 18 EQY



Outline

1. Brief Theory Overview

2. Axion Detection with Nuclear Magnetic Resonance

3. Dark Photon Detection with Radios

4. B-L Gauge Boson with Accelerometers

5. Conclusions
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The Dark Matter Landscape

e ————————

1043 GeV 10'7 GeV
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The Dark Matter Landscape

bosonic

€ —————————————-

|04 GeV 1022 eV 100 eV 10'° GeV

Fit in galaxy
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The Dark Matter Landscape

bosonic
1043 GeV |0-22 eV 100 eV 102 GeV 10'° GeV
(SM)
Fit in galaxy

Standard Model scale ~ 100 GeV
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The Dark Matter Landscape

bosonic WIMPs
1043 GeV 10-22 eV 100 eV 102 GeV 10'° GeV
(SM)
Fit in galaxy

Standard Model scale ~ 100 GeV

One Possibility: Same scale for Dark Matter?
Weakly Interacting Massive Particles (VWWIMPs)
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The Dark Matter Landscape

bosonic WIMPs
1043 GeV 10-22 eV 100 eV 102 GeV 10'° GeV
(yl"') (SM)
Fit in galaxy

Standard Model scale ~ 100 GeV

One Possibility: Same scale for Dark Matter?
Weakly Interacting Massive Particles (VWWIMPs)

Other Generic Candidates: Axions, Massive Vector Bosons
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Axions From High Energy Physics

Easy to generate axions from high energy theories

have a global symmetry broken at a high scale f,

string theory or extra dimensions naturally
create axions from non-trivial topology

naturally gives large fi ~ GUT (10'® GeV) or Planck (10'° GeV) scales

Can also similarly get light vector bosons
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The Dark Matter Landscape

bosonic WIMPs
1043 GeV 10-22 eV 100 eV 102 GeV 10'° GeV
(SM)
Fit in galaxy

Standard Model scale ~ 100 GeV

One Possibility: Same scale for Dark Matter?
Weakly Interacting Massive Particles (VWWIMPs)

Other Generic Candidates: Axions, Massive Vector Bosons
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The Dark Matter Landscape

bosonic WIMPs
1043 GeV 1022V |05 eV |06 eV 100 eV 102 GeV 10'° GeV
(yr) (Hz) (GHz) (SM)
Fit in galaxy

Standard Model scale ~ 100 GeV

One Possibility: Same scale for Dark Matter?
Weakly Interacting Massive Particles (VWWIMPs)

Other Generic Candidates: Axions, Massive Vector Bosons

How do we search for them!?
This Talk: Bosons between GHz - Hz
Range includes popular candidates such as the QCD axion
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Bosonic Dark Matter

Photons

E = Eycos (wt — wz)

Detect Photon by

measuring time varying
field
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Bosonic Dark Matter

Photons Dark Bosons

Early Universe:
Misalignment Mechanism

.

a(t) ~ agcos (mgt)

E = Eycos (wt — wz)

Detect Photon by
measuring time varying

field Spatially uniform, oscillating field

2 2
MeGo ~ PDM
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Bosonic Dark Matter

Photons Dark Bosons
Early Universe: Today:
Misalighment Mechanism Random Field
V
.
a
E = Eycos (wt — wz)
Detect Photon by a(t) ~ ag cos (mqt)
measuring time varying C ation | "
field Spatially uniform, oscillating field orrefation fengt

~ 1/(ma v)

2 2
MeGo ~ PDM
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Temporal Coherence
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Temporal Coherence

ﬁ
&

X

Field Homogenous over ~ |/(m, V)
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Temporal Coherence

2@

X

Field Homogenous over ~ |/(m, V)
v~ 103

Coherence Time ~ |/(m, v?) ~ | s (MHz/m,)

Random over longer timescales
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Temporal Coherence

2@

X

Field Homogenous over ~ |/(m, V)
v~ 103

Coherence Time ~ |/(m, v?) ~ | s (MHz/m,)

Random over longer timescales

Or: power in the field is spread by kinetic energy ~ m,v?
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Bosonic Dark Matter

Photons Dark Bosons
Early Universe: Today:
Misalighment Mechanism Random Field
V
.
a
E = Eycos (wt — wz)
Dete.ct Photon by. a(t) ~ ag cos (Mqt) Correlation length
measuring time varying ~ 1/(ma v)
field Spatially uniform, oscillating field

Coherence Time
~ | s (MHz/m,)
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Bosonic Dark Matter

Photons Dark Bosons
Early Universe: Today:
Misalighment Mechanism Random Field
V
.
a
E = Eycos (wt — wz)
Dete.ct Photon by. a(t) ~ ag cos (Mqt) Correlation length
measuring time varying ~ 1/(ma v)
field Spatially uniform, oscillating field

Coherence Time
~ | s (MHz/m,)

Detect effects of oscillating dark matter field

Resonance possible. Q ~ 10 (set by v ~ 10-3)
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What kind of Bosons!?

Naturalness. Structure set by symmetries.
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What kind of Bosons!?

Naturalness. Structure set by symmetries.

"4

Spin O
Axions and other goldstone bosons

Easy to get in many UV theories

1414102 18 EQY



What kind of Bosons!?

Naturalness. Structure set by symmetries.

"4

Spin O
Axions and other goldstone bosons

Easy to get in many UV theories

v ¥\

Electromagnetism Nuclear Force Nuclear Spin

(],%FF) (%Gé) (% Nty N)

a

QCD Axion General Axions
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What kind of Bosons!?

Naturalness. Structure set by symmetries.

"4 N

Spin 0 Spin |

Axions and other goldstone bosons Anomaly free Standard Model

Easy to get in many UV theories couplings

v ¥\

Electromagnetism Nuclear Force Nuclear Spin
(£FF) (%Gé) (22 NytysN)

QCD Axion General Axions
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What kind of Bosons!?

Naturalness. Structure set by symmetries.

"4 N

Spin 0 Spin |
Axions and other goldstone bosons Anomaly free Standard Model
Easy to get in many UV theories couplings
Electromagnetism Nuclear Force Nuclear Spin Nuclear Spin Electro- ~ Nucleon
( i FF) magnetism  Current
Ja 2 GG Ou@ AT e , ,
(£66)  (wred)  (Senown) (') (ga,05,)
QCD Axion General Axions
Dipole moment Kinetic B-L

Mixing
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What kind of Bosons!?

Naturalness. Structure set by symmetries.

"4 N

Spin 0 Spin |

Axions and other goldstone bosons Anomaly free Standard Model
couplings

Easy to get in many UV theories

v ¥ 3 ¥ 3%

Electromagnetism Nuclear Force Nuclear Spin Nuclear Spin Ejectro-  Nucleon
( . FF) . magnetism  Current
fa (iGG) (M \ ~ M ) F, — / /
fa fo Vs N (ﬁNaWN> (EF F) (gAMJg_L>
QCD Axion General Axions
Dipole moment Kinetic B-L
Mixing

Dark Matter = a = ag cos (mt)
Hz S m, < GHz

Y
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What kind of Bosons!?

Naturalness. Structure set by symmetries.

"4 N

Spin 0 Spin |

Axions and other goldstone bosons Anomaly free Standard Model
couplings

Easy to get in many UV theories

v ¥ 3 ¥ 3%

Electromagnetism Nuclear Force Nuclear Spin Nuclear Spin Ejectro- Nucleon
( . FF) . magnetism  Current
f_a (iGG) (M \ 2 ) F, — / /
fa fo Vs N (ﬁNaWN> (EF F) (gAMJg_L>
Current Searches QCD Axion General Axions
(ma ~ GHz) Dipole moment Kinetic B-L
Mixing

Dark Matter = a = ag cos (mt)
Hz S mq, < GHz

Y
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What kind of Bosons!?

Naturalness. Structure set by symmetries.

"4 N

Spin 0 Spin |

Axions and other goldstone bosons Anomaly free Standard Model
couplings

Easy to get in many UV theories

v ¥ 3 ¥ 3%

Electromagnetism Nuclear Force Nuclear Spin Nuclear Spin Ejectro- Nucleon
- magnetism  Current
iFF) ( a ~) 0,0 1 /
(fa +GG (L z ) F = , ,
= 22 Noyhs N (ﬁNJ“”N) (F'F) (94,75 ;)
Current Searches QCD Axion General Axions
(ma ~ GHz) Dipole moment Kinetic B-L
Mixing

Dark Matter = a = ag cos (mt)
Hz S mq, < GHz

Y

This Talk -
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Cosmic Axion Spin Precession
Experiment (CASPEr)

with

Dmitry Budker
Peter Graham
Micah Ledbetter
Alex Sushkov

PRX 4 (2014) arXiv: 1306.6089
PRD 88 (2013) arXiv: 1306.6088
PRD 84 (2011) arXiv: 1101.2691

1413 102 18 EQY



fa (GeV)

A

1018 —

1016 .

1014 —

1012 —

1010 —

108 7

Current Searches: ADMX
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Current Searches: ADMX

Axion dark matter

fa (GeV)

A

1018

1016

1014

1012

1010 ——

108
\/
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Current Searches: ADMX

Axion dark matter inmostmodels: [ O — FF = —F.-B

Ja fa

fa (GeV)

A

1018

1016

1014

1012

1
1 —»— = X —7
laser experiments: f a
1010 == B

axion emission affects SN1987A, White Dwarfs, other astrophysical objects
collider & laser experiments, ALPS, CAST

10%

1413 102 18 EQY



Current Searches: ADMX

fa (GeV)

A

1018

1016

1014

1012

1010 ——

10%

, a . ~ a -
Axion dark matter in most models: [ O — F'F = f_ E - B
a

a

1

axion-photon conversion suppressed X —=

2

size of cavity increases with f,

1
signal X —

3

<€ microwave cavity (ADMX)

1
Y —r— = X Y
laser experiments: f a
B

axion emission affects SN1987A, White Dwarfs, other astrophysical objects
collider & laser experiments, ALPS, CAST
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Current Searches: ADMX

fa (GeV)

A

1018

1016

1014

1012

1010 ——

10%

, a . ~ a -
Axion dark matter in most models: [ O — F'F = f_ E - B
a

a

1

axion-photon conversion suppressed X —=

2

size of cavity increases with f,

1

signal X 3
a

S. Thomas

<€ microwave cavity (ADMX)

1
Y —r— = X Y
laser experiments: f a
B

axion emission affects SN1987A, White Dwarfs, other astrophysical objects
collider & laser experiments, ALPS, CAST

Other ways to search for light (high f;) axions?

13
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CASPEr: Axion Effects on Spin
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CASPEr: Axion Effects on Spin

General Axions

Neutron
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CASPEr: Axion Effects on Spin

General Axions

Neutron in
Axion Wind

(v

Hyx D f% mav_&.gN

Spin rotates about
dark matter velocity
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CASPEr: Axion Effects on Spin

General Axions

Neutron in
Axion Wind

(v

Hyx D f% mav_&.gN

Spin rotates about
dark matter velocity
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CASPEr: Axion Effects on Spin

General Axions

Neutron in
Axion Wind

()
Hy D f% MUy -ON

Spin rotates about
dark matter velocity

Effective time varying
magnetic field

Bers S 1071 cos (mgt) T
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CASPEr: Axion Effects on Spin
Hidden Photons

Neutron in
Hidden Photon Field

/

(%NUW/’)@N)

~

E,B
Hy D f%E/.SN

Spin rotates about

dark matter electric or
magnetic field

Effective time varying
magnetic field

Berr S10719 cos (mgt) T
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CASPEr: Axion Effects on Spin

General Axions

Neutron in
Axion Wind

(v

Hyx D f% mav_&.gN

Spin rotates about
dark matter velocity

Effective time varying
magnetic field

Bers S 1071 cos (mgt) T

Other light dark matter (e.g. dark photons) also
induce similar spin precession
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CASPEr: Axion Effects on Spin

General Axions

Neutron in
Axion Wind

(v

Hyx D f% mav_&.g_]\f

Spin rotates about
dark matter velocity

Effective time varying
magnetic field

Bers S 10710 cos (mgat) T

Other light dark matter (e.g. dark photons) also
induce similar spin precession

QCD Axion

Neutron
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CASPEr: Axion Effects on Spin

General Axions

Neutron in
Axion Wind

(v

Hy D f% MUy -ON

Spin rotates about
dark matter velocity

Effective time varying
magnetic field

Bers S 1071 cos (mgt) T

Other light dark matter (e.g. dark photons) also
induce similar spin precession

QCD Axion

Neutron in
QCD Axion Dark Matter

QCD axion induces electric dipole moment
for neutron and proton

Dipole moment
along nuclear spin

0—34

Oscillating dipole: d ~ 3 x 1 cos (mgt) ecm
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CASPEr: Axion Effects on Spin

General Axions

Neutron in
Axion Wind

(v

Hy D f% MUy -ON

Spin rotates about
dark matter velocity

Effective time varying
magnetic field

Bers S 1071 cos (mgt) T

Other light dark matter (e.g. dark photons) also
induce similar spin precession

QCD Axion

Neutron in
QCD Axion Dark Matter

~—

E

QCD axion induces electric dipole moment
for neutron and proton

Dipole moment
along nuclear spin

0—34

Oscillating dipole: d ~ 3 x 1 cos (mgt) ecm

Apply electric field, spin rotates
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CASPEr: Axion Effects on Spin

General Axions

Neutron in
Axion Wind

(v

Hy D f% MUy -ON

Spin rotates about
dark matter velocity

Effective time varying
magnetic field

Bers S 1071 cos (mgt) T

Other light dark matter (e.g. dark photons) also
induce similar spin precession

QCD Axion

Neutron in
QCD Axion Dark Matter

~—

E

QCD axion induces electric dipole moment
for neutron and proton

Dipole moment
along nuclear spin

0—34

Oscillating dipole: d ~ 3 x 1 cos (mgt) ecm

Apply electric field, spin rotates
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CASPEr: Axion Effects on Spin
General Axions QCD Axion

Neutron in

Axion Wind Neutron in
QCD Axion Dark Matter

Measure Spin
Rotation,

~ detect Axion
v

Hy D 2 myv,.SN

fa QCD axion induces electric dipole moment
for neutron and proton

(8faN7“75N)

a

Spin rotates about
dark matter velocity Dipole moment
along nuclear spin
Effective time varying

magnetic field Oscillating dipole: d ~ 3 x 107>* cos (mqat) ecm

Beff é 10710 cos (mat) T Apply electric field, spin rotates

Other light dark matter (e.g. dark photons) also
induce similar spin precession
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CASPEr

Axion affects physics of nucleus, NMR is sensitive probe

=]
usfl

ext

— — —>
— — —>
— — —

= (13 H 7 =2
axion “wind” v,

OR E*

Larmor frequency = axion mass = resonant enhancement
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CASPEr

Axion affects physics of nucleus, NMR is sensitive probe

ii
SQUID A7
pickup A2
loop

/ / / /axion “wind” v,

OR E*

l

s

ext

Larmor frequency = axion mass = resonant enhancement

SQUID measures resulting transverse magnetization

NMR well established technology, noise understood, similar setup to previous
experiments

Example materials: LXe, ferroelectric PbTiOs, many others
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Magnetization Noise

/ a material sample has magnetization noise

ext

>
- —
=l
o]l

T T noise arises from quantum spin projection

every spin necessarily has random quantum projection onto transverse direction
My (w) ~ Z5Vnrs(S(w)) ~ pn /1 (S(w))

S (w) 1s Lorentzian, peaked at Larmor frequency, bandwidth ~ 1/T>

T. Sleator, E. L. Hahn, C. Hilbert, and J. Clarke, PRL 55, 171742 (1985)

18
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CASPEr-General Axions

for axion wind and other types of DM:

sin ((2uBext — Mq) t)

M(t) =n ( 2 v) Sin (2 Bextt
(2) P gaNN\/ PDM 21 Boe — . (214 Bextt)
Element Density Magnetic Moment| 7% |Max. B|Magnetometer

(n) (1) Sensitivity

1.] Xe [1.3X 1022(”%3 0.35 un 1300 s| 10T 10— ilz

5 L ol &
2. | 107 7%
p=1

take sample size: L ~ 10 cm

(or multiple loops over smaller sample)

many options for increasing sensitivity
19
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CASPEr-General Axions

frequency (Hz)

— 10—10 - _
T> i phase 1 phase 2 _
8 1012k ALP DM ADMX ]
é i —————__
5 1071 - R Ll i
i e ————— - magnetization noise ]

10-16 PR = i

>

s ;,_——' QCD Axion :
10720 |- N _

= | | | | | | | | gaNN (aua)uN% 75N .

10~14 1012 10~10 1078 1076 1074 1072 10°

mass (eV)
~ year to scan one decade of frequency
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CASPEr-General Axions

frequency (Hz)

10714 |- ¢.g. He/Xe comag e i
i L - =" magnetization noise 7]
10716 - -
-~
= -’ , i
(018 Le="" QCD Axion
10—20 - _ 1 —
= | | | | | | | | gaNN (@ua)uN% 75N ]
10714 10712 10710 1078 107° 10~ 1072
mass (eV)

- ALP DM

| CASPEr NOW
existing experiments

ADMX

~ year to scan one decade of frequency

109
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CASPEr-QCD Axion

sin ((2uBext — Mq) t)

M(t) =~ nuesd, E™p sin (2 Bextt)

2,UBext — Mg
n E* D 15 |Max. Bext
Phase 1|22 1 2108 107%{1ms| 10T
Phase 2 cm? cm| 1 1 s 20 T

example material: 207py — = 0.6un € N 102

T
v Hz
T

take sample size: L, ~ 10 cm  =» we take SQUID magnetometer: 10~ 1¢

(or multiple loops over smaller sample)

but atomic magnetometers ~ 10~ L7

5

: : : Ce M.V. Romalis
many options for increasing sensitivity

21
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g4 (GeV™?)

10—15 -

10—20 -

10714

CASPEr-QCD AXxion

frequency (Hz)
102 10* 10° 108 1010 1012

phase 1 phase 2 PR
ALP DM ADMX

e 2

PR dy = gdCLNO'HV’}/g,NF'LW'

s 2
A?, | | | | | | | | |

1014

10-12 10-10 1078 1076 1074 1072

mass (eV)
Verify signal with spatial coherence of axion field

109
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Dark Photon Detection with
a Radio

(to appear)

with

Peter Graham
Kent Irwin
Saptarshi Chaudhuri
Jeremy Mardon
Yue Zhao
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Dark Photon Dark Matter

Many theories/vacua have additional, decoupled sectors, new U(1)’s

Natural coupling (dim. 4 operator): £ D eFF’

mass basis:

1 1
L= 7 (FuF™ + Fp F™) + smi AL A™ — edpy (A +e A))

photon with small mass and suppressed couplings to all charged particles
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Dark Photon Dark Matter

Many theories/vacua have additional, decoupled sectors, new U(1)’s

Natural coupling (dim. 4 operator): £ D eFF’

mass basis:

1 1
L= 7 (FuF™ + Fp F™) + smi AL A™ — edpy (A +e A))

photon with small mass and suppressed couplings to all charged particles

oscillating L’ field
(dark matter)

1414102 18 EQY



Dark Photon Dark Matter

Many theories/vacua have additional, decoupled sectors, new U(1)’s

Natural coupling (dim. 4 operator): £ D eFF’

mass basis:

1 1
L= 7 (FuF™ + Fp F™) + smi AL A™ — edpy (A +e A))

photon with small mass and suppressed couplings to all charged particles

oscillating L’ field can drive current
(dark matter) behind EM shield

1414102 18 EQY



Annoying Fact

1 1
L= (BB B ) 4 L2 LAY ey (A + e 4))
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Annoying Fact
1 ) o, A
£ = 5 (B 4 FL F) g A — ey (A2 )

Send m; — 0

L= —i (B M + Fp ') — edpy (Ap + e A)
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Annoying Fact
1 ) o, A
£ = 5 (B 4 FL F) g A — ey (A2 )

Send m; — 0

L= —i (B M + Fp ') — edpy (Ap + e A)

Only one linear combination couples to
charged particles

Orthogonal component is completely
sterile
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Annoying Fact

1 1
L= (BB B ) 4 L2 LAY ey (A + e 4))

Send m; — 0

L= —i (B M + Fp ') — edpy (Ap + e A)

Only one linear combination couples to
charged particles

Orthogonal component is completely
sterile

Physical effects decouple miy — 0

1414102 18 EQY



Dark Matter Radio Station

oscillating L’ field
(dark matter) shield

A A

v } C

Tunable resonant LC circuit
(a radio)
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Metal box to
shield
backgrounds

oscillating
E’ field

conduction electrons
in wall

respond to L’ field,

generating £ and B
fields
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Metal box to
shie

A

net effectisalbB

| field inside the
boXx

oscillating
E’ field

B ~ & (myR)x 107
T
oscillates at w = m,-
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Projected Sensitivity (Preliminary)

f=m,/2x
Hz kHz MHz GHz THz

~-16 | Resonant \~\ j search
: LC circuit g
BB T T ey g T e e e S
log,y m, [eV]
LC oscillator search: size~1m Q~10°

~1 month scan per decade
Stage I: room temp Stage 2: T~0.1K
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B-L Dark Matter with
Accelerometers

(under development)
with

Peter Graham

Jeremy Mardon
Yue Zhao
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B-L Dark Matter

Other than electromagnetism, only other anomaly free standard model current

1 1
L=—7 (FuF") +omy ALAY — gy LA,

Protons, Neutrons, Electrons and Neutrinos are all charged
Electrically neutral atoms are charged under B-L

Force experiments constrain g < 102!
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B-L Dark Matter

Other than electromagnetism, only other anomaly free standard model current

1 1
L=—7 (FuF") +omy ALAY — gy LA,

Protons, Neutrons, Electrons and Neutrinos are all charged
Electrically neutral atoms are charged under B-L

Force experiments constrain g < 102!

oscillating L’ field can accelerate
(dark matter) atoms
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B-L Dark Matter

/

E
Acceleration Per Baryon: gn_n ~ 10710 :21 ( ] 0221)
Atomic Accelerometers X 1072 s (@ 1 Hz)

s24/Hz
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B-L Dark Matter

!

E
Acceleration Per Baryon: iz_n ~ 10710 221 ( ] 0821)
Atomic EP Test
Atomic Accelerometers X 1072 = (@ 1 Hz)

s24/Hz

Dark Matter force depends upon net neutron number
Time dependent equivalence principle violation!

Improvements possible with resonant
schemes

Seems promising!
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Conclusions
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WIMPs

Scalable

Goodman & Witten (1985): o

~ 1073% cm?

10“” ‘ 1 ll 1 1 1 | | 1 1 ll | 1 1 | 1 | L
k XENONI100 (2012)

— 3 |\ S DPAMANa —— observed limit (90% CL)

g 10% - Expected limit of this run:

= g + 1 ¢ expected

s - DAMA/ e

§ 104 = o e e o

P -E- - -~--—-—'-"'75‘MPLE*~L‘1~‘

74 -

§ 1042 CRESST-II (2012)

-

=

-§ 102 EDEL WEISS (2011/12) _.- ,,7.,

8 454 S _,,..---:_;-'.;-'-:—""’"—\':

“ B

% 104 B
lo“ I | | 1 I 1 1 1 1 1 1 _I;

6 7 8910 20 30 40 S0 100 200 300 400 1000
WIMP Mass [GeV/c?]
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WIMPs

Scalable

Goodman & Witten (1985): o ~ 10728 ¢m?

1039 ‘ i) I 1 1 | 1 1 L I 1 1 1 1 1 | 55l L |
i XENONI100 (2012)
|\ ) DAMANa — observed limit (90% CL)
10% =\ P Expected limit of this run:
= o e + 1 ¢ expected
- + 2 ¢ expected

R _._.-.-.-4—'75“&"

PLE (2012)

2
| IIIII|T|

CRESST-II (2012)

3

WIMP-Nucleon Cross Section [cm?]

102 .. EDELWEISS .11|/____,.,~ :
i F o
104 -
10“ I | | 1 I 1 1 1 | _;
6 78910 20 30 40 50 100 200 300 400 1000
WIMP Mass [GeV/c?]

Similar approach seems possible in searching for oscillating fields
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The Dark Matter Landscape

bosonic WIMPs
1043 GeV 1022eV 10-'5eV |06 eV 100 eV 102 GeV 10'° GeV
(yr-) (Hz) (GHz) (SM)
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The Dark Matter Landscape

bosonic WIMPs
1043 GeV 1022eV 10-'5eV |06 eV 100 eV 102 GeV 10'° GeV
(yr-) (Hz) (GHz) (SM)
v

Search for single, hard particle scattering

X X
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The Dark Matter Landscape

bosonic WIMPs
104 GeV 10-22eV 1015eV 106 eV 100 eV 102 GeV 10" GeV
(yr')  (Hz) (GHz) (SM)
\
Time dependent moments Search for single, hard particle scattering
of coherent classical field y
X
Interactions restricted by
symmetry
Frequencies can naturally be N N

lab accessible (Hz - GHz)

Lab-scale experiments

1414102 18 EQY



The Dark Matter Landscape

bosonic WIMPs
104 GeV 10-22eV 1015eV 106 eV 100 eV 102 GeV 10" GeV
(yr')  (Hz) (GHz) (SM)
\
Time dependent moments Search for single, hard particle scattering
of coherent classical field y
X
Interactions restricted by
symmetry
Frequencies can naturally be N N

lab accessible (Hz - GHz)

Lab-scale experiments

How do we cover full range?
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Backup
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A Different Operator For Axion Detection
So how can we detect high 7, axions?
Strong CP problem: [ 5 ¢ Gé creates a nucleon EDM  d ~ 3 x 107%fecm

a _ ~ a
the axion: L O — GG creates anucleon EDM d ~ 3 X 10_16 — e Ccn

fa fa

37
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A Different Operator For Axion Detection
So how can we detect high 7, axions?
Strong CP problem: [ 5 ¢ Gé creates a nucleon EDM  d ~ 3 x 107%fecm

a _ ~ a
the axion: L O — GG creates anucleon EDM d ~ 3 X 10_16 — e Ccn

fa fa

(200 MeV)?
fa

a(t) ~ agcos (mgt) with Mg ~

16
M (10 GeV)

fa

GeV

cm?

2
axion dark matter  ppM miaQ ~ (200MeV)4 <i> ~ 0.3

fa

a
so today: (—) ~ 3 x 1071 independent of 1,

fa

axion gives all nucleons an oscillating EDM (kHz-GHz) independent of /.,

a non-derivative operator
37

1413 102 18 EQY



Axions and the CMB

Assuming BICEP detected gravitational waves in the CMB
(some tension with Planck):

H. ¢~ 10'* GeV

if symmetry broken after inflation — topological defects (strings + domain walls), constrained by

observations

if symmetry broken before inflation — inflation can induce 1socurvature perturbations of axion,
weak constraint on ALPs probed by CASPEr.

38
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Assuming BICEP detected gravitational waves in the CMB
(some tension with Planck):

H. ¢~ 10'* GeV

if symmetry broken after inflation — topological defects (strings + domain walls), constrained by

observations

if symmetry broken before inflation — inflation can induce isocurvature perturbations of axion,
eak constraint on ALPs probed by CASPEr.
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Axions and the CMB

Assuming BICEP detected gravitational waves in the CMB
(some tension with Planck):

H. ¢~ 10'* GeV

if symmetry broken after inflation — topological defects (strings + domain walls), constrained by

observations
if symmetry broken before inflation — inflation can induce isocurvature perturbations of axion,
eak constraint on ALPs probed by CASPEr.

for QCD axion, constrains one cosmological history.

Requires knowing physics all the way up to GUT scale ~ 10 GQeV

many others possible.

1413 102 18 EQY



QCD Axion and BICEP

Need a high temperature, transient mass, sometime before
QCD phase transition.

Need not be on during inflation.

Axion oscillates earlier,
damps to high temperature
minimum.

/0

S

Misalignment of minima gives axion dark matter.

a

Dark matter from choice of parameters instead of
initial conditions.

39
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QCD Axion and BICEP

Need a high temperature, transient mass, sometime before
QCD phase transition.

/.

a

Fischler & Preskill (1983)

e.g. Kaplan & Zurek (2005), Jeong & Takahashi (2013), G. Dvali (1995)

Bound depends upon high energy physics, while strong CP, axion dark matter rely upon low energy
physics.

QCD axion offers unique probe of high energy cosmology,
an era difficult even for gravitational wave detectors

40
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QCD Axion and BICEP
Need 4 high temperature, transient mass, [sometime before

QCD phase transition.

/.

a

Fischler & Preskill (1983)

e.g. Kaplan & Zurek (2005), Jeong & Takahashi (2013), G. Dvali (1995)

Bound depends upon high energy physics, while strong CP, axion dark matter rely upon low energy
physics.

QCD axion offers unique probe of high energy cosmology,
an era difficult even for gravitational wave detectors
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QCD Axion and BICEP
Need 4 high temperature, transient mass, [sometime before

QCD phase transition.

/.

a

¢.g. thermal monopole density,  Fischler & Preskill (1983)
high temperature mass,

and many others e.g. Kaplan & Zurek (2005), Jeong & Takahashi (2013), G. Dvali (1995)

QCD axion offers unique probe of high energy cosmology,

an era difficult even for gravitational wave detectors

40
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Two Tenets of Axion Cosmology

|. ma << H: Field is constant as
universe expands. Retains energy
density.

2. m, >> H: Field oscillates,
amplitude damps, energy
density decreases like matter.
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Two Tenets of Axion Cosmology

v

|. ma << H: Field is constant as
universe expands. Retains energy
density.

2. ma >> H: Field oscillates,

amplitude damps, energy
density decreases like matter.
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Two Tenets of Axion Cosmology

|. ma << H: Field is constant as
1V universe expands. Retains energy
density.

. 2. m, >> H: Field oscillates,
amplitude damps, energy
density decreases like matter.

ma, can be strongly temperature dependent (e.g. QCD axion)

If ma is on earlier, there is more damping, fewer
overproduction issues
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QCD Axion Over-Production

Mg rapidly turns on

a; around ~ Agcp

Rate set by f, and AqQcD
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QCD Axion Over-Production

Mg rapidly turns on

around ~ Agcp

Rate set by f, and AqQcD
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requires <

e.g.

Mpy

QCD Axion Over-Production

Mg rapidly turns on

around ~ Agcp

Rate set by f, and AqQcD

Ja 3, | | .
—> ~ 10 3:9 late time entropy production eases this

Mp;

a; fa —3 Qa; —2
~ 10 — ~ 10
fa, MPI fa
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QCD Axion Over-Production

Mg rapidly turns on

around ~ Agcp

Rate set by f, and AqQcD

. g fa 1035 . . .
requires — M ~ late time entropy production eases this
Pl

g o g0 By o Jeii0 B
Mpl fa Mpy fa

all /, in DM range (all axion masses = meV) equally reasonable

inflationary cosmology does not prefer flat prior in ©i over flat in f;,

Bounds on axion-like-particles are highly model dependent
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