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

• Inflation of the very early universe 

𝑎 𝑡 ~𝑒𝐻𝑡
103 106 109 1012 1015 1018 GeV

LHC Inflation

• Use this high energies period of the early 

universe to study fundamental physics 

𝜁𝜁
𝜁

𝜁

𝑚, s

time

3/23



The cosmological collider program
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Schwinger-Keldysh formalism
[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 

 Gravitational particle production

 Resonant production/decay

𝑣𝑘𝐼 𝜏 = 𝛼 𝑓 𝜏 + 𝛽 𝑓∗(𝜏)

with

𝑓 𝜏 ≡
1

2𝜔 𝜏
𝑒−𝑖  𝜔 𝜏′ 𝑑𝜏′

𝛽 is related to production amount  ∼ 𝑒−𝜋𝜇

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

𝑘𝐼 𝜏∗ ≈ 𝒪 1 𝜇

[Sou, Tong & Wang, 2021]

𝑒±𝑖𝑘𝐿𝜏
𝑒 ± 𝑖𝑚𝑡

𝑒±𝑖𝑘𝑅𝜏′
𝑒 ± 𝑖𝑚𝑡

 𝑒−𝑖𝑘𝜏𝑒𝑖𝑚𝑡𝑑𝜏

If these two coincide

𝑅𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 𝑡𝑖𝑚𝑒

𝑘𝐿 𝜏 ≈ 𝜇
𝑘𝑅 𝜏′ ≈ 𝜇
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Classification and interpretation of CCS

• There are two different types of CCS

• Some hints can be found from the late-time limit of 

massive propagators

Non-analytic in 𝑘𝐼
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(I) Non-local Type CCS

𝑅𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 𝑡𝑖𝑚𝑒

𝑘𝐿 𝜏 ≈ 𝜇

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

𝑘𝐼 𝜏∗ ≈ 𝒪 1 𝜇

𝑘𝑅 𝜏′ ≈ 𝜇
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∼ ቆ
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൱൭
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±𝑖𝜇

∼ 𝑒∓𝑖𝑚 𝑡−𝑡∗ 𝑒∓𝑖𝑚 𝑡′−𝑡∗

R
(I)

𝑘𝑅𝜏
′ = 𝜇𝑘𝐿𝜏 = 𝜇

𝑘𝐼𝜏∗
≈ 𝒪 1 𝜇

L R

ቇቆ
𝜏
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±𝑖𝜇

൱൭
𝜏′

𝜏∗

±𝑖𝜇

൱൭
𝑘𝐿𝑘𝑅

𝑘𝐼
2

±𝑖𝜇

 Massive particle’s dynamical phases are accumulated from the 

gravitational production event at 𝜏∗ to the resonant decay event at 𝜏, 𝜏′
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(II) local Type CCS

𝑅𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 𝑡𝑖𝑚𝑒

𝑘𝐿 𝜏 ≈ 𝜇

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

𝑘𝐼 𝜏∗ ≈ 𝒪 1 𝜇

𝑘𝑅 𝜏′ ≈ 𝜇
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𝜏
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±𝑖𝜇
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𝑘𝐿
𝑘𝑅

∓𝑖𝜇

𝑒𝑖𝑚Δ𝑡 ∼
𝜏′

𝜏

𝑖𝜇

∼
𝑘𝐿

𝑘𝑅

𝑖𝜇

𝑘𝐿𝜏 = 𝜇 𝑘𝑅𝜏
′ = 𝜇

(II)

L R

ቇቆ
𝜏

𝜏′

±𝑖𝜇

∼ 𝑒∓𝑖𝑚 𝑡−𝑡′

 Massive particle’s dynamical phases are accumulated from the 

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

• Integrands are some special functions  

(e.g.  Hankel, Whittaker)

• Nested 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?

• It can be extremely inefficient for large 

masses

• Slow integral convergence 

• 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

 There 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]

…… 

 We 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

𝑘𝐿 > 𝑘𝑅

Repeat 

Step.2-5 for 

each MP

Add EFT 

Background
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Step.1

Consider 

only all-

black, all-

white

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

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

• Already factorized 

• Heavier suppression 𝒪(𝑒−2𝜋𝜇)
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Step.2

Focus on 

one massive 

propagator 

each time

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

𝓕𝑳 𝓕𝑹
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Step.3

Compute 

the left/right 

blobs

ℱ𝐿 𝜏 =

𝑘𝐿

𝒫𝐿 𝜏 𝑒𝑖𝑘𝐿𝜏

ℱ𝑅 𝜏′ =

𝑘𝑅

𝒫𝑅 𝜏′ 𝑒𝑖𝑘𝑅𝜏
′

15/23



Step.4

Flip & 

factorize

𝑘𝐿 𝑘𝑅When 𝑘𝐿 > 𝑘𝑅
>

Term 1

Term 2

 Term 1 ≡ 𝑆𝐼
> 𝑘𝐿, 𝑘𝑅 ∼ 𝒪 𝑒−𝜋𝜇 𝛼 2 ቇቆ

𝑘𝑅

𝑘𝐿

𝑖𝜇

+ 𝒪 1 𝛼𝛽∗ ቇቆ
𝑘𝐿𝑘𝑅

𝑘𝐼

−𝑖𝜇

 Term 2  It cannot contribute CCS

• No non-local type CCS

• No local type CCS

𝑘𝐿 𝜏 ≈ 𝜇

𝑘𝑅 𝜏′ ≈ 𝜇

𝑘𝐿 > 𝑘𝑅
|𝜏| > |𝜏′|
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+

= + ( Terms without CC signals )

𝜃(𝜏′ − 𝜏)

𝜏′

𝜏𝜃(𝜏 − 𝜏′) 𝜏′

𝜏

𝜏 𝜏′

𝐿

𝐿

𝐿

𝑅

𝑅

𝑅

Step.4

Flip & 

factorize
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Step.5

Account

𝑘𝐿 < 𝑘𝑅

Step.6

Repeat 

Step.2-5 for 

each MP
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Step.7

Add EFT 

Background CC SignalsEFT   Tower

…
 …

𝑒−𝜋𝜇 ൢ൞ ൱൭
𝑘𝐿
𝑘𝑅

𝑖𝜇

, ൱൭
𝑘𝐿𝑘𝑅

𝑘𝐼
2

𝑖𝜇

𝑒−#𝜋𝜇

…
 …

1

𝜇2
(Leading Order EFT)

1

𝜇4
(NL Order EFT) (CC signals …)
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Add EFT 

Background

Example I

𝜏 𝜏′

𝑘1 𝑘2 𝑘3 𝑘4

𝑘𝐼

Scalar exchange
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Add EFT 

Background

Example II
𝑘1 𝑘2 𝑘3 𝑘4

𝑘𝐼

Vector exchange with 

chemical potential

21/23
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Example II 𝑘1 𝑘2 𝑘3 𝑘4

𝑘𝐼

Vector exchange with 

chemical potential

𝑆𝐼
𝜆 ⊃ 𝑒−𝜋 𝜇+𝜆 𝜅 ൱൭

𝑘12𝑘34

𝑘𝐼
2

𝑖𝜇

+ 𝑒−𝜋𝜇 ൱൭
𝑘12
𝑘34

𝑖𝜇

• Non-local type based on 

gravitational production events

• Chemical potential assists 

particle production 

Non-Local Local
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Conclusion & outlooks

 Different events during inflation

 Two different types of CCS

 Cutting rule for extracting CCS

 Application

 EFT truncation error?

 Loop level?

 Cutting algorithm as a computer program
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Thank you for listening!



Schwinger-Keldysh formalism
[Chen, Wang & Xianyu, 2017]

Two copies of evolution histories

Time ordering (+)： Anti-time ordering (-)：


