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Collider Built by Nature?

What's needed as a “collider”?

~ HEP process:

Create heavy particles
Let them interact

Long-lived
signals

Detectors
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The curvature perturbation {(x) ~ 6N(x) ~ g&p (c/) = ¢o(t) + 8¢ (x, 1))

Intuitive (probably too rough) Teyp~H - 6¢p~H

Formalism: QFT in curved spacetime
_ ¢?
S = [ d3xdt a3(t) (7+ )
(5¢n(x’ t)) — <(7_weiftdtH1) 5¢Z) (Te—iftdtH1)> , <5¢2> ~ H? ’ <5¢3>

PGW & remaining isocurvature fluctuation (if any): similarly

N N

Inflation of the Classical conserved
very early universe quantities, such as:
a(t) < exp(Ht) curvature pert ¢

\TGH ~ H is up to 1013Gev/ KPGW Yij, isocurvature

The cosmological collider



Man-made colliders

| e.g. LHC I

~ HEP process:

Create heavy particles
Let them interact
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Observations: Correlation functions of
- Curvature perturbation ¢

- From CMB AT/T, LSS & 21cm 8p/p

- Status: 2pt well measured (COBE DMR)

- 3pt, ... (hon-Gaussianity) not yet observed
- PGW: From CMB B-mode, not yet observed

- Isocurvature: From details of CMB/LSS, not yet observed

N et B\

Inflation of the Classical conserved ogical
very early universe quantities, such as: Cosmo'oglca
observations, e.g.
a(t) < exp(Ht) curvature pert ¢
: 13 PGW y;;, isocurvature CMB, L35, 21em
\TGH ~ H IS Up to 10 GeV/ K }/U' / \ /

The cosmological collider
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HEP at Higher Energies? Y

Collider Built by Nature? H

What's needed as a “collider”? e

What can be studied?

Information in correlation functions:

Detections Mass: resonance in energy dependence

N
- Chen & YW, 0909.0496, 0911.3380

Arkani-Hamed & Maldacena, 1503.08043

Spin: angular dependence
Arkani-Hamed & Maldacena, 1503.08043
Baumann, Goon, Lee, Pimentel, 1712.06624

New particle

T B L R AR Model dependent, lots of studies
Mass of Higgs

Interactions: size & energy envelop
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Mass: what's the resonance?

Heavy particle:

Mass m

prob: exp(—m / Tgy)

. kprod _

Aprod

(resonant production)

—

. kdecay ~

kdecay . Gdecay

(resonant decay)

Lo

phase
changed
by e imt




HEP at Higher Energies?

k . kdecay ~
decay - Gdecay

. . ?
Collider Built by Nature? (resonant decay)

What's needed as a “collider”?

What can be studied? 4 ‘,LLA\F\

Mass: what's the resonance? ﬁ
From resonance to interference
phase
changed
by eimt
interference:

corr ~ exp[im(tdecay — tprod)]

im/H
N <kdecay>lm/
kprod
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Collider Built by Nature? ks

What's needed as a “collider”?

What can be studied?

Mass: what's the resonance?

From resonance to interference

Ko, )

interference:

(k1/hka)y > S(ki,

corr ~ exp[im(tdecay o tprod)] | — i:,: - i

im/H
N (kdecay> ~——

pro {actua||Yu=MJ SESRE D FUL DR NS0

h/k
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What's at the energy scale H?

Accidentally near H ?
- Grand unification

- Neutrino seesaw

Chen, Wang & Xianyu, 1805.02656



Uplifted to H scale:

- Standard Model
(h?) ~ H?
Ah* D A (h?) h? ~ mZg h?
also: possible h?R ~ H*h?
Chen & YW, 0911.3380

Chen, YW & Xianyu, 1610.06597

Kumar & Sundrum, 1711.03988
What's at the energy scale H?

Accidentally near H ?
- Grand unification

- Neutrino seesaw

Chen, Wang & Xianyu, 1805.02656
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- Grand unification

- Neutrino seesaw
Chen, Wang & Xianyu, 1805.02656
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What's at the energy scale H?

Accidentally near H ?
- Grand unification

- Neutrino seesaw
Chen, Wang & Xianyu, 1805.02656

Uplifted to H scale:

- Standard Model
(h?) ~ H?
Ah* D A (h?) h? ~ mZg h?
also: possible h?R ~ H*h?
Chen & YW, 0911.3380

Chen, YW & Xianyu, 1610.06597
Kumar & Sundrum, 1711.03988

- SUSY breaking

Baumann & Green, 1109.0292
Delacretaz, Gorbenko

& Senatore 1610.04227



HEP at Higher Energies?
Collider Built by Nature?
What's needed as a “collider”?
What can be studied?

Mass: what's the resonance?
From resonance to interference
What's at the energy scale H?

How is the collider “built"?

Expansion history
Testing QM

Correction to 2pt

Chen, Namjoo & YW, 1509.03930
Maldacena, 1508.01082

Jiang & YW, 1703.04477
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CO”ider BUilt by Nature? SCIENTIFIC AMERICAN FEERUARY 2017

What's needed as a “collider”? Cosmic Inflation Theory Faces
Challenges

The latest astrophysical measurements, combined with theoretical problems, cast doubt on the
long-cherished inflationary theory of the early cosmos and suggest we need new ideas

What can be studied?

Mass: what's the resonance?
From resonance to interference

What's at the energy scale H?

How is the collider “built"?

Has inflation indeed happened?

é Observations

A Cosmic Controversy

A Scientific American article about the theory of inflation prompted a reply from a group of 33
physicists, along with a response from the article’s authors



SCIENTIFIC AMERICAN FEERUARY 2017

Precision Era: Cosmic Inflation ThGOI'y Faces
Challenges

Haven't we known our

The latest astrophysical measurements, combined with theoretical problems, cast doubt on the

un ive rse ve ry Wel | ? long-cherished inflationary theory of the early cosmos and suggest we need new ideas

; Observations

A Cosmic Controversy

A Scientific American article about the theory of inflation prompted a reply from a group of 33
physicists, along with a response from the article’s authors

Chen, Namjoo & YW, 1509.03930



Precision Era:
Haven't we known our

universe very well?

Angular scale
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Image: Planck Team
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We know fluctuations as
functions of scales (k) very well.
k ~ —1/t (conformal time)
Thus we know

fluctuation & conformal time t
But what about

fluctuation & physical time t?
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" physical mass
phase

physical time
changed
Thust &t

dt/dt = a

kprod

We know fluctuations as
functions of scales (k) very well.
k ~ —1/t (conformal time)
Thus we know

fluctuation & conformal time t

But what about

fluctuation & physical time t?

X. Chen, Namjoo & YW, 1509.03930



physical mass

phase
hysical time
changed PhY
Thust &t
by e
dt/dt = a

kprod

iInverse functions

direct probe of expansion history

T

a o t? then (py, i, Pi,) ~ cos [ (%)5

inflation (fast expansion, [p|>1

matter contraction (fast contraction, O<p~0(1)<1)

IRV AVAVAN

slow expansion (-1<p<0)

Sclock

Ekpyrosis (slow contraction, O<p<«1)

9 1 6 8 10
kifks

X. Chen, Namjoo & YW, 1509.03930



HEP at Higher Energies?
Collider Built by Nature?
What's needed as a “collider”?
What can be studied?

Mass: what's the resonance?
From resonance to interference
What's at the energy scale H?
How is the collider “built"?

Has inflation indeed happened?

Status ?7?



WMAP

1yr (2003) PLANCK
Afy, ~ 100 (2013)
COBE 7yr (2010) Afy, ~5
Afy, ~ 20
(1990s) fe [
Afy, ~ 2000 [

|

T

J 21 cm Cosmology
~10737?
Large Scale Structure Afw ~ 10777
See e.g. 1610.06559
For example: SphereX
) ) toch ed Meerburg,
ttp://spherex.caltech.edu/ Minchmever,

~ ?
Afwp ~ 057 Mufioz and Chen

Challenges for observations ...



HEP at Higher Energies?
Collider Built by Nature?

What's needed as a “collider”?
What can be studied?

Mass: what's the resonance?
From resonance to interference
What's at the energy scale H?
How is the collider “built"?

Has inflation indeed happened?

Challenges for observations ...

Thank you!

Main References:

X. Chen & YW, 0909.0496, 0911.3380, 1205.0160

D. Baumann & D. Green, 1109.0292

Noumi, Yamaguchi & D. Yokoyama 1211.1624

Gong, Sasaki & Pi 1306.3691
N. Arkani-Hamed & J. Maldacena, 1503.08043
X. Chen, Namjoo & YW, 1509.03930, 1601.06228
X. Chen, YW & Z. Z. Xianyu, 1610.06597, 1612.08122
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and so on
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