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The cosmological collider program
[Chen&Wang, 2009] [Baumann&Green, 2011] [Arkani- Hamed&Maldacena, 2015] 

ÅInflation of the very early universe 
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LHC Inflation

ÅUse this high energies period of the early 

universe to study fundamental physics 
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The cosmological collider program
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Schwinger- Keldyshformalism
[Chen, Wang & Xianyu, 2017]

Two copies of evolution histories

Time ordering (+) Anti-time ordering (-)
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Classification and interpretation of CCS
Different events during inflation 

ü Gravitational particle production

ü Resonant production/decay
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with
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is related to production amount  ḐὩ

ὖὶέὨόὧὸὭέὲὸὭάὩ
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[Sou, Tong & Wang, 2021]
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Classification and interpretation of CCS

ÅThere are two different types of CCS

ÅSome hints can be found from the late-time limit of 

massive propagators

Non- analytic in Ὧ
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(I) Non-local Type CCS
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üMassive particleôs dynamical phases are accumulated from the 

gravitational production event at †z to the resonant decay event at †ȟ†ᴂ
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(II ) local Type CCS
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üMassive particleôs dynamical phases are accumulated from the 

resonance production event at † to the resonant decay event at †
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Challenge: The process of computing CCS can be laborious.

Å Integrands are some special functions  

(e.g.  Hankel, Whittaker)

ÅNested integrals are too

complicated  to solve analytically

It is not until the recent works, the single 

tree-level exchange diagram is fully 

evaluated in a closed form

[Chen, Namjoo & Wang, 2015] 
[Arkani- Hamed, Baumann Lee, Pimentel 2018]

Numerical calculation?

Å It can be extremely inefficient for large 

masses

Å Slow integral convergence 

Å Memory consumption quickly becomes 

unmanageable when mass become larger

Q: With our physical picture, can we find an 

efficient way to  extract these CCS?

Analytical calculation?
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A cutting rule for CCS

üThere are other recently proposed cosmological cutting rules 

[Goodhew, Jazayeri & Pajer, 2020]
[Melville &Pajer,2021]
[Goodhew, Jazayeri, Lee &Pajer,2021]
[Baumann, Chen, Pueyo, Joyce, Lee & Pimentel,2021]

üWe propose a practical cutting rule to analytically extract 

the leading order CCS

¸ Fundamental principles

¸Wavefunction coefficients

¸ Practicality 

¸ Correlation functions 
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The general algorithm 

Step.1 Step.2 Step.3 Step.4 Step.5 Step.6 Step.7

Consider 

only all-

black, all-

white

Focus on 

one massive 

propagator 

each time

Compute 

the left/right 

blobs

Flip & 

factorize

Account

Ὧ Ὧ

Repeat 

Step.2-5 for 

each MP

Add EFT 

Background
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Step.1

Consider 

only all-

black, all-

white

...... ...... ...... ......

...... ......

ÅAlready factorized 

ÅHeavier suppression ַײὩ
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Step.2

Focus on 

one massive 

propagator 

each time

........ ........
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Step.3

Compute 

the left/right 

blobs

ꞈ † ע †Ὡ

ꞈ †ᴂ ע †ᴂὩ
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Step.4

Flip & 

factorize

Ὧ ὯWhen Ὧ Ὧ

Term 1

Term 2

ü Term 1 ḳὛ ὯȟὯ ḐַײὩ  ρzײַ

ü Term 2  It cannot contribute CCS

Å No non-local type CCS

Å No local type CCS
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= + ( Terms without CC signals )
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Step.4

Flip & 

factorize

17/23



Step.5

Account

Ὧ Ὧ

Step.6

Repeat 

Step.2-5 for 

each MP
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Step.7

Add EFT 

Background CC SignalsEFT   Tower
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Add EFT 

Background

Example I
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Scalar exchange
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Add EFT 

Background

Example II
Ὧ Ὧ Ὧ Ὧ

Ὧ

Vector exchange with 

chemical potential
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