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Gray, Future colliders for the high-energy frontier

Very important, 
but BSM might appear at higher scale 
⇒ Another approach?



Universe as a gigantic accelerator

𝑬
(GeV)

~𝟏𝟎𝟏𝟒 10−4 10−10 102 

Idea: probing new physics with inflation energy



Inflation

➢ Inflation = rapid expansion of early universe 

➢ Caused by a scalar 𝜙: “inflaton”

➢ Solve initial condition problems in standard cosmology

➢ Quantum inflaton fluctuation 𝛿𝜙 → curvature 𝜁

𝜹𝝓~𝜻 𝜹𝑻 𝜹𝝆

Guth, Sato, Starobinsky, Linde,…

Inflation CMB LSS



Cosmological Collider

➢ 𝜁𝑛  can contain information of heavy (new) particle 𝜎

Chen, Wang, ’10
Baumann, Green, ’12
Noumi, Yamaguchi, Yokoyama, ’13
Arkani-Hamed, Maldacena, ’15

Cosmic expansion creates 𝜎 with mass ~ 𝐻 

Example: 𝜁3



Cosmological Collider

➢ 𝜎 leaves specific imprint on 𝜁3

spin𝜇~𝑚𝜎/𝐻 : mass

𝑘𝑆 

𝑘𝑆 

𝑘𝐿 𝜃 
➢ Clear signal in squeezed limit of triangle 𝑘𝑆 ≫ 𝑘𝐿 

Boltzmann suppression

dilution



Cosmological Collider

➢ Particle physics analogy

Baumann, Lectures on The Cosmological Bootstrap 

➢ 𝑚𝜎~𝐻inf ~1014(GeV) ≫≫≫ 104,5(GeV) ~ collider on earth



Why oscillation??

From Yi Wang’s slide

𝑎 = 𝑒𝐻𝑡 

𝜇 ≡
𝑚2

𝐻2 −
9

4
~

𝑚

𝐻
 

Oscillation



Today

➢ Multiple massive particle exchange

➢ Application to BSM

SA, L. Pinol, F. Sano, M. Yamaguchi, Y. Zhu, 2404.09547
See also
SA, T. Noumi, F. Sano, M. Yamaguchi, 2312.09642 
SA, 2301.07920
L. Pinol, SA, S. Renaux-Petel, M. Yamaguchi, 2112.05710
SA, M. Yamaguchi, 2012.13667 

SA, A. Ghoshal and A. Strumia, 2408.07069  



Multiple Exchange

Sometimes larger effects than the simple single exchange process

Rich phenomenology (specific CC signal)

Maldacena ’03



Challenges

➢ De Sitter makes complexities

• Mode functions of massive particles (Hankel, Whittacker, …)
• Nested time integral



Challenges

➢ De Sitter makes complexities

• Mode functions of massive particles (Hankel, Whittacker, …)
• Nested time integral

➢ Structure of correlators

      e.g., 𝜁4  with tree level single exchange



Recent development

➢ Correlators satisfy differential equations w.r.t momentum 
𝑢 ≡ Τ𝑘𝑠 (𝑘1+𝑘2) & 𝑣 ≡ Τ𝑘𝑠 (𝑘3+𝑘4)

Arkani-Hamed, Baumann, Lee, Pimentel, 1811.00024



Recent development

➢ Correlators satisfy differential equations w.r.t momentum 
𝑢 ≡ Τ𝑘𝑠 (𝑘1+𝑘2) & 𝑣 ≡ Τ𝑘𝑠 (𝑘3+𝑘4)

➢ Schematical expression:

Arkani-Hamed, Baumann, Lee, Pimentel, 1811.00024

➢ Related to de Sitter isometry ⇒WT identity



Solutions

+ B.C.



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

𝐹 = 𝐹(𝑢, 𝑣) with 𝑢 ≡
𝑘1

𝑘2+𝑘4
 , 𝑣 ≡

𝑘3

𝑘2+𝑘4



Differential equations



Result

➢ vs Numeric

➢ Analytic solutions (based on Appell series 𝐹4(𝑢2, 𝑣2))

➢ valid in any kinematic configuration



Toward triple exchange



Phenomenological implication

𝐹 =

BG+SIGSIG+SIG BG+BG

+ +

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



Fermion loopContinuous spectrum

Time-dependent mass(almost) degenerate masses

SA, Z. Qin, Y. Zhu, M. Yamaguchi, to appear 

L. Pinol, SA, S. Renaux-Petel, M. Yamaguchi, 
2112.05710, SA, M. Yamaguchi, 2012.13667 

SA, 2301.07920

SA, T. Noumi, F. Sano, M. Yamaguchi, 2312.09642 

Deviation from the standard signal



Application to BSM
(Model building aspects of CC)

SA, A. Ghoshal and A. Strumia, 2408.07069  



Conditions for large signal??

?? ??

??



Setup

➢ two scalars 𝜙𝑎 (𝑎 = 1,2) 



Setup

➢ two scalars 𝜙𝑎 (𝑎 = 1,2) 

Curvature of trajectory
𝜅 = 1/𝑅

➢ Perturbation for fluctuation 𝛿𝜙𝑎 = 𝜑𝑇𝑎 + 𝜎𝑁𝑎 
      (𝜑~𝜁: curvature, 𝜎: isocurvature)

➢ Turn rate: 𝜂N =
𝑑𝜙

𝑑𝒩
× 𝜅 (similar to 𝜔 = 𝑣/𝑅 in Newtonian mechanics) 



Three dominant diagram for 𝜁3

∝ 𝜼𝑵 ∝ 𝜼𝑵 

∝ 𝜼𝑵 𝒈: free

∝ 𝑃𝜁𝜼𝑵 ∝ 𝜼𝑵 

∝ 𝑃𝜁  

𝑃𝜁~10−5: constAssuming 𝑚𝜎~𝐻



Three dominant diagram for 𝜁3

∝ 𝜼𝑵 ∝ 𝜼𝑵 

∝ 𝜼𝑵 𝒈: free

• Triple can be larger than single & double
• 𝜂N determines almost everything

∝ 𝑃𝜁𝜼𝑵 ∝ 𝜼𝑵 

∝ 𝑃𝜁  

CC signal 

∝ 𝜼𝑵
𝟐 × oscillation

∝ 𝜼𝑵
𝟐  ∝ 𝜼𝑵

𝟑 × Τ𝒈 𝑯 𝑃𝜁

𝑃𝜁~10−5: constAssuming 𝑚𝜎~𝐻



Conditions for large signal

➢ Large turn rate 𝜂N. Remember 𝜂N =
𝑑𝜙

𝑑𝒩
× 𝜅 = 2𝜖𝑀PL × 𝜅

      ⇒ Large 𝜅 ⇒ sub-Planckian physics

➢ Large cubic 𝜎3 (triple exchange)

“Quasi single field inflation” Chen, Wang, ’10



Check by concrete model

➢ Scalar 𝜙 + 𝑅2 (scalaron) 

A) 𝑓 = 𝜉𝜙2, 𝑉𝐽 = 𝜆 𝜙 𝜙4/4 ⇒ dilaton + R2

B) 𝑓 = 𝑀PL
2 + 𝜉𝜙2, 𝑉𝐽 = 𝜆𝜙4/4 ⇒ Higgs + R2

Kannike et al, ’15,…

Salvio, Mazumdar ’15, Ema ’17, ...

➢ Only scale ~ 𝑀PL ⇒ 𝜅 ∝ 1/𝑀Pl ⇒ 𝜂N ∝ 𝜖 : Small turn !!



CC signal from dilaton+𝑅2

Dilaton-like

Scalaron-like

CC signal



Models with large turn

SA, D. Werth, in progress 

P. Christodoulidis, D. Roest and E.I. Sfakianakis, 1803.09841. 

➢ Multifield 𝛼-attractor
      ⇒𝜅 ∝ 1/𝛼𝑀𝑃𝑙 for 𝛼 ≪ 1 ⇒ 𝜂𝑁

2 ~ Τ𝜖 𝛼

➢ Large CC signal & Universal shape of hyperbolic field geometry



Summary

• Analytic expressions of correlators with multiple exchange
• Model building aspects of CC (with tree level scalar exchange)

Thank you!!

➢ Recent my work:

➢ CC can probe high-energy physics (mass, spin, couplings of heavy fields)

➢ Future: Making template and compare to observation 



Target & Assumption

• 𝜁3

• Inflation scenario
• Tree >> Loop
• No chemical potential
• Scalar exchange

?? ??



E-frame action

➢ E-frame

• 𝑉𝐽 ≫ 𝑓0
2: Starobinsky-like inflation. Potential is minimized by 𝜙 = const.

→ vanishing turn rate

• 𝑉𝐽 ≪ 𝑓0
2: 𝜙-like inflation. Potential is minimized by 𝑓 𝜙 = −𝜁𝑧𝑧2

      → 𝑧 = 𝑧(𝜙) → non-zero turn rate

• 𝑉𝐽~𝑓0
2: Mixed regime 



Inflation end

time

New particle 𝝈

𝜻 𝜻
𝜻
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