


Future Cosmological Probes
of High Energy Physics

Daniel Green
__UCSanDiego

-

-
——
-
v

‘a
-:;,~§;1
e s
- S



tline

1. Future Surveys
2. Inflation and Gravitational Waves
3. Light Particles (old and new)

4. Neutrino Mass

5. Dark Matter







Cosmic Microwave Background (CMB
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Cosmic Microwave Background (CMB)

Angular scale
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Cosmic Sound
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Cosmic Sound




Angular scale
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Explained if fluctuations were created much earlier

If wavelengths are bigger than curvature radius

Inflation needed to make this picture causal & local




The CMB and Inflation

Curvature scale = H 1

H? pm,()a_?’ + pr,ga_4 — H ocq™3/%72
. 1 k
Physical wavelengths: A" =k, = —
a

Curvature radius increase faster than wavelength

Not true in a universe dominated by vacuum energy

H? x pp = constant




The CMB and Inflation
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+ Additional Contribution from Gravitational Waves
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+ diffusion, gravitational forces / redshift, etc.
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Science Targets for Future CMB

. Gravitational Waves from Inflation

. Light Relics (Nes)

« Neutrino Mass

. Dark Matter Interactions / Properties
« Lensing maps

« Galaxy clusters

e Reionization
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Time Since the Big Bang



Large Scale Structure

P(k,z=0) [Mpc®]
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Figure from Hlozek et al.




Large Scale Structure

Most surveys are driven by dark energy science

Goal: map the BAO peak over cosmic time

“Baryons” photons
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Courtesy of Martin White

Pre-CMB - Photons support sound wave




Large Scale Structure

Most surveys are driven by dark energy science

Goal: map the BAO peak over cosmic time

“Baryons’” photons

vvvvvvvvvvvvvvvvvvvvvvvv

AAAAAAAAAAAAAAAAAAA

Courtesy of Martin White

Post-CMB - Photons free-stream




Large Scale Structure

Most surveys are driven by dark energy science

Goal: map the BAO peak over cosmic time

“Baryons” photons

Courtesy of Martin White

Post-CMB - Baryon peak frozen in place




Large Scale Structure

Most surveys are driven by dark energy science

Goal: map the BAO peak over cosmic time
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Large Scale Structure

BAO peak in position - oscillation in power spectrum
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Large Scale Structure

The BAO is a huge compression of the information

Other information hard to separate from nonlinearity

LSS is the proton collider to the CMB e+e- collider




Science Targets for Future Surveys

« Expansion History

« Neutrino Mass

. Interactions / Particle Content during Inflation
. Dark Matter Interactions / Properties

« Lensing maps

« Galaxy formation / properties

« Time-domain Astronomy




Now 2020
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Inflation and
Gravitational Waves




Inflation

Inflation is indirectly tied to high energy physics

Everything is excited during inflation




Gravitational Waves determines energy scale

H < 10" GeV

A detection would imply very high scale inflation

Non-gaussian correctors determine interactions
H2
3 — polnt X —

AZ

Encodes mass, spin and couplings of all particles




Inflation

CMB will make significant improvements in GWs
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Large Scale Structure

LSS is the frontier for interactions / spectroscopy

Need the raw statistical power from # of modes

Need significant improvements in modeling/analysis




Large Scale Structure

SPHEREX (NASA MIDEX, announced on Feb 13)
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Cosmic Neutrino Background
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Perfect decoupling :
Imperfect decoupling -

Imperfect decoupling + QED .

Negg = 3.

Neg = 3.035

Neg = 3.045

Salas & Pastor (2016);
Mangano et al. (2005)
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Angular scale
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What exactly is this measuring?

Totally different from the Z-width.

N, = 2.9840 £+ 0.0082

Lab measures Standard Model interactions

Cosmology measures gravitational interactions

E.g. Sensitive to any other light thermal relic






Dark/Hidden Sectors

Standard
Model

Dark
Sector

E.g.
Dark Sectors
Neutral naturalness

Nnaturalness
Hidden Valleys



(pseudo) Goldstone Bosons

Standard
Model

E.g.
AXions
Relaxions
Familions
Gravitino®
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Implications for Axions
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Implications for Axions
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Realistic Goals

CMB experiments like CMB-5S4 & PICO can reach
o(Nug) = 0.030

. This is a primary science target for future CMB

« 100 GeV freeze-out for particles with spin

« Probes prior to QCD for any particle

Futuristic LSS surveys + CMB might reach
0(Negr) = 0.015
Baumann, DG s Wallisch (2017)




Neutrino Mass




Neutrino Mass
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Neutrinos have mass
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PICO 20 (Future CMB)
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Neutrino Mass

Massive neutrinos free stream / suppress growth

Image from Agarwal & Feldman (2010)




Neutrino Mass

Massive neutrinos free stream / suppress growth
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Neutrino Mass

Massive neutrinos free stream / suppress growth
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Cosmological Observables

Images from ESA T




Cosmological Observables

Hard because we don’t measure kx
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Cosmological Observables

We need to measure 3 numbers:

(1) (dark) matter power spectrum - lensing

2
Plensing X Qm X As

(2) High accuracy matter abundance - BAO

(3) Primordial Amplitude of Fluctuations - CMB

With planned observations: 1-3 are easiest-hardest




Realistic Goals

Data we have in hand + DESI BAO can reach
o ( E m,) ~ 30 meV

95% exclusion of Zmy — 0 for minimum mass

With improved measurements of reionization:
O'(Z my) < 15meV
Possible with a CMB satellite (e.g. LiteBird, PICO)




Dark Matter




Dark Matter Interactions
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Dark Matter Annihilation

CMB gives a powerful model-independent constraint
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Planck has saturated CMB capabilities




Dark Matter Interactions
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DM-Baryon Scattering
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EFT of DM-Direct Detection

-—-------------------------- --a- - -
. ="
- - - - oo - -meemeemmwmew

Compton o
— r6|atIYIStIC
. fluid

Lerr = F(p, PT, Uel.)

-
-
-
-
-
-
-
-
-
-
-
PR g
-

N

© N
N
N
N
Neutrinos @ @ Dark Matter

Boddy & Gluscevic




EFT of DM-Direct Detection

No scattering
10~ 12 | =—— With scattering

10! 102 10°
¢ Boddy & Gluscevic




EFT of DM-Direct Detection

Significant Improvements = gﬁrgksg
expected in CMB U R CMB-S4
P 107 3 CV-limited s
: _ > _;
Driven by lensing maps + E :
tighter LCDM params IS R -

1079 o L
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Simplified Models.
Include Mediator 5

ology

o

Green & Rajendran



Simplified Models: Include Mediator
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Simplified Models: Include Mediator

More model dependent:

. —21
Constraint depends on 0
- 1024
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Simplified Models: Include Mediator
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Milli-charged Dark Matter
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Milli-charged Dark Matter

Evades constraint from thermalizing mediator
Only viable DM model for EDGES 21cm signal

EDGES

105 Figure from
109

" (-0 mk Kovetz et al.
10 ? B Planck 2015 constraints
10_11 1 BN SN1987A cooling

SLAC 10 I\I(‘V
1012 4
10-* 1073 102 10~ 10"
Ix

Strongly constrained by the CMB
de Putter et al.; Kovetz et al.




Future Directions

Cosmology is a clean laboratory for Dark Matter
New applications are emerging with data quality
Partly a response to evolution of the field
Usually a CMB constraint for any new idea

Notice no mention of DM annihilation:
Current bounds are strong, but will not improve




Summary
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Now 2020
_I—I—> time

Simons Observatory* ————»

AdvACT .
SPT3G : CMB Stage IV —
BICEP/Keck  — (.
Polarbear : LiteBird
Spider : PICO*
DES| ————>
.- LSST
eBD(§§S—> Euclid
CHIME ——0™X@X X . WFIRST SKA
HETDEX . SPHEREX BOA
. 21lcm*
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CMB.
Gravitational Waves and Inflation

Light relics, dark matter, helium abundance, etc.

Lensing (CMB & galaxy):

Neutrino mass, dark matter properties

Galaxy surveys:

Inflationary particle content & interactions
Expansion history (BAO), light relics, dark forces
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