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Review of Non-G before Planck



Inflationary (a~e''t) correlation functions
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How to calculate ( {y, {k, ..k ) ?

IN-1n formalism
(QUQ(T)|Q) = (0] [Te' o 1| QI (7) e Jra H1 T4 o)

expansion order by order ~ “Feynman” diagrams



Inflationary (a~e''t) correlation functions
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size of non-G: ~ fy;
shape: shape of non-G
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Local shape non-G:
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Example of local non-G: the curvaton scenario:

Sasaki, Valiviita, Wands 2006
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Equilateral and orthogonal shapes of non-G:
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Example of equilateral non-G: modified sound speed
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Of order fy;

Chen, Huang, Kachru, Shiu 2006



Many many many similar stories 2000s — 2013.



Planck 2013 results. XXIV. Constraints on primordial non-Gaussianity

Planck Collaboration
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Abstract

The Planck nominal mission cosmic microwave background (CMB) maps yield unprecedented constraints on primordial non-Gaussianity (NG). Using three optimal bispe
estimators, separable template-fitting (KSW), binned, and modal, we obtain consistent values for the primordial local, equilateral, and orthogonal bispectrum ampli
quoting as our final result fiy '°®@ = 2.7 £ 5.8, fy ° = -42 £ 75, and fjy, °t" = -25 £ 39 (68% CL statistical). Non-Gaussianity is detected in the data; using skew-C; stz
we find a nonzero bispectrum from residual point sources, and the integrated-Sachs-Wolfe-lensing bispectrum at a level expected in the ACDM scenario. The results are
on comprehensive cross-validation of these estimators on Gaussian and non-Gaussian simulations, are stable across component separation techniques, pass an ext
suite of tests, and are confirmed by skew-C;, wavelet bispectrum and Minkowski functional estimators. Beyond estimates of individual shape amplitudes, we present r
independent, three-dimensional reconstructions of the Planck CMB bispectrum and thus derive constraints on early-Universe scenarios that generate primordial NG, inc
general single-field models of inflation, excited initial states (non-Bunch-Davies vacua), and directionally-dependent vector models. We provide an initial survey of
dependent feature and resonance models. These results bound both general single-field and multi-field model parameter ranges, such as the speed of sound, ¢g = 0.02
CL), in an effective field theory parametrization, and the curvaton decay fraction rp = 0.15 (95% CL). The Planck data significantly limit the viable parameter space
ekpyrotic/cyclic scenarios. The amplitude of the four-point function in the local model my < 2800 (95% CL). Taken together, these constraints represent the highest pre

tests to date of physical mechanisms for the origin of cosmic structure.

fylo@l = 2.7 £ 5.8, fy %l = -42 £ 75, and fy °t" = -25 £ 39 (68% CL statistical)



Planck 2015 results
XVII. Constraints on primordial non-Gaussianity

Planck Collaboration
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Abstract

The Planck full mission cosmic microwave background (CMB) temperature and E-mode polarization maps are analysed to obtain constraints on primordial non-Gaus:
(NG). Using three classes of optimal bispectrum estimators - separable template-fitting (KSW), binned, and modal - we obtain consistent values for the primordial
equilateral, and orthogonal bispectrum amplitudes, quoting as our final result from temperature alone £°%ly = 2.5 = 5.7, feuil = -16 £ 70, , and Fotho, = -34 £ 32
CL, statistical). Combining temperature and polarization data we obtain f°c@, = 0.8 £ 5.0, fUl, = -4 £ 43, and forthoy = -26 + 21 (68% CL, statistical). The resul
based on comprehensive cross-validation of these estimators on Gaussian and non-Gaussian simulations, are stable across component separation techniques, pe
extensive suite of tests, and are consistent with estimators based on measuring the Minkowski functionals of the CMB. The effect of time-domain de-glitching systemat
the bispectrum is negligible. In spite of these test outcomes we conservatively label the results including polarization data as preliminary, owing to a known mismatch
noise model in simulations and the data. Beyond estimates of individual shape amplitudes, we present model-independent, three-dimensional reconstructions of the .
CMB bispectrum and derive constraints on early universe scenarios that generate primordial NG, including general single-field models of inflation, axion inflation, initia
modifications, models producing parity-violating tensor bispectra, and directionally dependent vector models. We present a wide survey of scale-dependent featur
resonance models, accounting for the “look elsewhere” effect in estimating the statistical significance of features. We also look for isocurvature NG, and find no signal, &
obtain constraints that improve significantly with the inclusion of polarization. The primordial trispectrum amplitude in the local model is constrained to be g°%@hy = (-
7.7 ) X 10%(68% CL statistical), and we perform an analysis of trispectrum shapes beyond the local case. The global picture that emerges is one of consistency wi

premises of the ACDM cosmology, namely that the structure we observe today was sourced by adiabatic, passive, Gaussian, and primordial seed perturbations.

flocaly = 0.8 + 5.0, feauly = -4 + 43, and fothoy = -26 * 21 (68% CL, statistical)
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In ~ 5-10 years Afy;~0.5 (e.g. SPHEREX)
(And Afy;~1073 in the very distant future.)
What is the implication if |fy; | < 17



In ~ 5-10 years Afy;~0.5 (e.g. SPHEREX)
What is the implication if |fy; | < 17
- Local: Curvaton will be very unlikely.

- Equilateral: c;~1, up to small corrections.



In ~ 5-10 years Afy;~0.5 (e.g. SPHEREX)
What is the implication if |fy; | < 17

- Local: Curvaton will be very unlikely.

- Equilateral: c;~1, up to small corrections.

What is the motivation for future study?



(Before addressing motivation of |fy | <1 ...)

History of particle physics experiments:

- Early stage: studying external particle

o particle scattering

u from cosmic rays

deep inelastic scattering

- Nowadays: study internal particle
- Higgs - BSM - ...



(Before addressing motivation of |fy | <1 ...)

external particle — internal particle

Cosmological non-G: is there a similarity?

Curvaton, cg, ... : external particle ({)

If seen: pin down inflation model.

What about internal particles?



Internal particles:
Quasi-single field inflation

Xingang Chen & YW 2009

m ~ H fields




Example: quasi-single field inflation

X. Chen, YW 2009
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quasi-single field (m = 3H/2) quasi-single field (m = 1.414H)
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Distant future 21cm forecast
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Arkani-Hamed, Maldacena 2015



X. Chen, YW 09, 12, Pi, Sasaki 12, Gong, Pi, Sasaki 13
Arkani-Hamed, Maldacena 15
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Contributions to correlation functions:

type meaning | analytic in k? |integrate out?| °oPPresSIOn | SUDPTEssion
at large pn at large x

vacuum vanish outside

2
e correlation es es Ufy lightcone
thermal
non-local particle No No e non-vanishing

production



(¢3)
massive — time dependent phase e'™ ~ (—1)™/H

curvature mode ~ e**? at resonance record the phase
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Correlation between the density fluctuation and a clock




Observational consequence:

shape-dependent

scale-independent |>

oscillations on shape of non-Gaussianities



The Precision Era of Non-Gaussianity



Era

Observable

NonG size

Physics

Interest

Toolkit

Pre-Planck

CMB

fne > 0(1)

Curvaton, EFT, ...

External particles

In-in formalism

Post-Planck
LSS
far <0(1)
Massive states
Internal particles

+ EdS, 0,,, NEFT, ...



Standard Model background of the

a

Cosmolg

X. Chen, YW, Z. Z. Xianyu



SM background contains two guestions:

1. Mass spectrum of the SM particles

2. Their contributions to ( {i, {x, ---Ck., )



How to extract mass of SM particles?

Aren’t they known already?
For example, M;, = 125GeV?

During inflation, roughly:

h~T~H, Ah* > A(h?)h2,  mis ~A(h?)
Similarly for W, Z. However,

(curvature radius) ~ T ~ H,

thus flat space thermal field theory is not enough.



How to extract mass of SM particles?

We extract the SM mass spectrum
from cosmological correlation functions,

calculated using in-in formalism.



How to extract mass of SM particles?

Method 1: rolling speed

time dependence in the IR
2pt~ (—1)°

calculate IR growth

+ DRG resummation

2
s = 2 (from tree level)
‘ 3H

s calculable for loop (and DRG)

Then mass obtained.



How to extract mass of SM particles?
Method 2: mass renormalization on a sphere

Example:

) S on a sphere (EdS)

1
Stoy = =5 ] dPz /=g [(aﬂqb)? +(9ux)? + Mgo® + MIx* + /\qu?]

. . )\2 4—D
mass renormalization ~ “TR / dQdQ ¢(z)p(z) G, (z, ')



(— can set ¢ = constant

4-D
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Thus

3N2H?
SM2 =

87T2M>% *




How to extract mass of SM particles?

Method 3: for Higgs only — non-perturbative Pl
S D —fd433\/—_9[fH(Xa ®)H'H + fou(X, ¢)|D,H|? —/d‘la:\/—_g{RHTH

12§H* + fu(Xo, do)

M3, =
Ho 1+ fpu(Xo, ¢o)

P2y — [ dNh b2 exp[—Vp(m3h2/2 + Ah*/4)]
) = [ dNh exp[—Vp(mEh?/2 + Ah/4)]
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The Higgs mass: tree vs quantum-corrected




The full SM spectrum depending on inflation models
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3pt based on the SM mass spectrum
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No UV divergence in the non-local part of loop.



24

_ 2712 (Xo) B

1674 M4



SM spectra is affected by coupling to inflaton.

e.g. gauge sector Is affected by the following:

1 1
55— [ dtay=gfou(X.ODHE + L f(X.OWLW™" + L fo(X,0) BB + -

2
92 _ gsm .
1+ fw(Xo, ¢0)
12
) gsm

N 1+ fp(Xo, d0)

39" H*
82 Mz’

392H 2

M2, =
W 812 M?, cos? Oy

M3 =




SM spectra is affected by coupling to inflaton.

But still we can make predictions:

d In tan? Oy  7w(n—2e) M3, L M7 fro
dink  3\/3Psin’6y | H? \| Nw|Ca(pw)l  H? \| Nz|Calpz)|



Predictions for BSM physics on the cosmological collider?



Expansion History of the Primordial Universe

M. H. Namjoo, YW 2015/16

X. Chen
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Inflation is the most natural paradigm.

But alternative scenarios are also being studied.

Nice to distinguish those scenarios observationally.

The question is equivalent to --



How to measure the evolution history of the primordial universe?



It is a difficult job.

There Is no structure in the primordial universe.

Only 10~° fluctuations, quantum to classical.



How to measure the evolution history of the primordial universe?
1. Primordial gravitational waves (GWSs)

2. Quantum Primordial Standard Clocks (massive fields)



Quantum Primordial Standard Clock



() a(t) = ao (t)p

massive — curvature, tells physical time

- M
k, curvature mode, tells conformal time at k7 = —

ksr —

— p

K




Sclock

inflation (fast expansion, |p|>1

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

slow expansion (—1<p<0)

Ekpyrosis (slow contraction, O<p<l)

ki/ ks

10




Summary: massive fields during inflation

Cosmological collider:

SM studied
BSM? Strings? Black holes?

Quantum primordial standard clock

Probing the expansion history



Thank you!




