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Cosmological correlators

&

Neailly

Inflation ?

Baumann, Lectures on The Cosmological Bootstrap



Correlators with massive particles

time  Example: (¢3)
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pa vy

New particle o

Cosmic expansion creates o with mass ~ H



Correlators with massive particles

» “Cosmological Collider”
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Boltzmann suppression

Chen, Wang, 10
> y Baumann, Green, '12
dilution Noumi, Yamaguchi, Yokoyama, ‘13
Arkani-Hamed, Maldacena, ‘15

> my~Hine ~101%(GeV) »>>>> 10*°(GeV) ~ collider on earth



Why oscillation??
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esonant decay
kd/ad~m
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Resonant production
ky/a,~m

Tong, Wang, Zhu, 2112.03448



Hubble mass??

» SUSY

* Broken by cosmic expansion
e Soft mass~Hj,¢

» Non-minimal coupling

« &02R~128H: 02



Contents

» Phenomenology (model building aspects)

SA, A. Ghoshal and A. Strumia, 2408.07069

» Structure of correlators (multiple exchange process)

SA, L. Pinol, F. Sano, M. Yamaguchi, Y. Zhu, 2404.09547



Phenomenology

(model building aspects)

Many important works so far

SM background (Chen, Wang, Xianyu, 1610.06597)
Neutrino (Chen, Wang, Xianyu, 1805.02656)

SUSY (Baumann, Green, 1109.0292)

Higher dimensions (Kumar, Sundrum, 1811.11200)
GUT (Maru, Okawa, 2206.06651)

Massive graviton (Tong, ,Xianyu 2203.06349)



Questions

» Conditions for large CC signal ?

k2 vL y .
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» Important diagram?



Setup

» Target & Assumption

»  (¢3) with tree scalar o exchange
* Inflation scenario: {~¢ (inflaton)

» Require

* Consistent with ng and r (with backreaction)
* No fine-tuning of parameters and initial conditions

» General discussion -> specific models



Generalities for perturbations

two scalars ¢ (a = 1,2)
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Three dominant diagram

» require m;~H w/o fine-tuning




Turn

» Turnrate:n; = %x K=V2eMp X K

(similar to w = v/R in Newtonian mechanics)

Large n,




Conditions for large signal

» ms,~H
» largeturnraten, = Kk = Large k = sub-Planckian scale
> Large cubic a3 (triple exchange)



Check by concrete models

> ¢ (Higgs or dilaton) + R? (Scalaron)
SA, A. Ghoshal and A. Strumia, 2408.07069

» Multifield a-attractor
SA, Roest, Werth, in progress

» Axion-Saxion (Monodromy)
SA, Otsuka, Yanagita, 2509.06739

Define fyi, in squeezed limit k3 = k), K ky, = kg




Scalar ¢ + R?

SA, A. Ghoshal and A. Strumia,
2408.07069

> J-frame action

* ¢:some scalars (specified later)
« R? gives an additional scalar z (scalaron)

» Include important models

+ ¢ =Dilaton, f = £¢ V; = A($)$*/4
Dynamical generation of Planck scale Kannike et al, ’15,...
* ¢ =Higgs, f = Mg, +$¢%, V), = Ag*/4

Unitarizing Higgs inflation Salvio, Mazumdar ’15, Ema ’17, ...



Scalar ¢ + R?

SA, A. Ghoshal and A. Strumia,
2408.07069

> J-frame action

* ¢:some scalars (specified later)
« R? gives an additional scalar z (scalaron)

> E-frame action




CC signal from dilaton (Higgs)+R?

Gravi—scalar + Planckion, & = 0.01

Scalaron-like
Starobinsky
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Multifield a-attractor

> «a-attractor model «allosh, Linde, Roest, 1311.0472, 1405.3646

» Two field generalization of a-attractor («, R,,
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Multifield a-attractor

» ¢ =rcosB, y =rsinb

* Angular (0) inflation fora@ << 1  Christodoulidis, Roest, Sfakianakis, 1803.09841

Trajectory Parameter space




CC signal

» largeturnrate:n;~1fora~e < 1

= Kk « 1/(VaMp)

» 0-mass: Mg etp~H forn, ~1

> Large CCsignal~€/a by a new scale ~/aMp,
» However, non-perturbative in interesting range = numerical method
SA, Roest, Werth, in progress



Axion-Saxion (Monodromy)

SA, Otsuka, Yanagita, 2509.06739

Axion (@), Saxion (7)

Flat target space G;; = diag (1,7%)

Axionic Chaotic Inflation (n=2)

> Turn rate:

» Large CC signalfveMplZ/r2 by a new scale ~r

-0.06 -0.04 -0.02 0.00 002 004 0.06
rcos(6]




Summary

4) + R? Multi a-attractor Monodromy

1
KN

\/aMpl

CCsignal~€ CCsignal~€¢/a

2
Mp1
T2

CCsignal~e€

Many other fun models to try!



Multiple Exchange

e Multiple-exchange diagrams can become equally important.
e Need the full analytic structure to get the net size.

e Rich phenomenology (specific CC signal)



Challenges

 Mode functions of massive particles
* Nested time integral

» Structure of correlators
e.g., ((4) with tree level single exchange

, [dndy

ilktkanei(hath’ G|k + kol 7, 7)

External line  Propagatorof o
(complicated function)

Baumann, Lectures on The Cosmological Bootstrap



Differential equation technique

Arkani-Hamed, Maldacena, 1503.08043
Arkani-Hamed, Baumann, Lee, Pimentel, 1811.00024

» Correlators satisfy differential equations w.r.t momentum
u = kg/(kytky) & v = kg/(kz+k,)

A, +M 2) F =uv/(u+v)
M 2) F=uv/(u+wv)




Solutions

-
-
—

particle

production

Four-point function

CC signals! Background R T T T

Momentum ratio

Baumann, Lectures on The Cosmological Bootstrap



Double exchange

SA, L. Pinol, F. Sano, M. Yamaguchi, Y. Zhu, 2404.09547

F=Fuv)withu=—2— p=

T e T



Differential equations

(u-v mixed) differential operators

9 9 - 9 9 9 A oy s e - N
D = u?02 — 2ud, + [y + 1 u? (u0, +v0,) (ud, +vo, — 1)

Dtj =D, (u < v, ¢ 3)



Result

> Analytic solutions (based on Appell series F,(u?, v?))

» valid in any kinematic configuration
(subtle in taking 3pt limit k, — 0)

> vs Numeric

~ Local ~v equilateral




Toward triple exchange

2pa+11—2i(ap+bpa+tcps) 2pa+13—2i(aps+bus+cusz)

4 4
1 —iapy, 1 —ibpug, 1 —icpus

See Liu, Xianyu, 2412.07843 for more generalization



Phenomenological implication

Specific oscillation signal (change of frequency u — 2u)
which cannot be mimicked by single exchange

SIG+SIG

BG+SIG




Summary

» Cosmological Correlators can contain high energy information
(e.g., mass, spin, couplings of heavy fields = cosmological collider)

» Model building aspects

* Need big turn rate for large signal = 1, = V2eMp, X k = Large k
* Three models : ¢ + R?, Multifield a-attractor, Monodromy
* Many other fun models to try!

» Multiple exchange

* Differential equation technique
* Full analytic expressions of double exchange

Thank you!!
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