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Cosmological collider physics

High energy 
physics

Microscopic

Cosmology

Macroscopic

High-scale inflation at 
1014 GeV presents 
opportunity to probe 
extremely high-energy 
physics!



Cosmological observables (“Detectors”)

𝑇 ≈ 2.73 K
δ𝑇 ∼ 10−5 𝑇

Cosmic Microwave Background (CMB) Large scale structure (LSS)
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Primordial fluctuations
• The inflation is driven by a “clock field” called inflaton.

• Fluctuations in CMB and LSS observed today are seeded by quantum 
fluctuations in the inflaton field (δ𝜙) during inflation.
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• The primordial fluctuations are Gaussian to high precision.

• Non-Gaussianity (NG) contains information about interactions. Future 
experiments like LSS survey and 21-cm tomography are sensitive to these 
small NGs.
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Resonance signal

• During inflation, the expansion of spacetime can 
produce heavy particles on-shell.

• It has been shown [a] that the decay of the heavy 
particles can leave a distinctive oscillatory 
signature in cosmological fluctuations:

[a] X. Chen, Y. Wang, 0911.3380; N. Arkani-Hamed, J. Maldacena, 1503.08043;
X. Chen, Y. Wang, Z. Xianyu, 1612.08122; …
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Boltzmann suppression

• The production of heavy particles suffers from 
Boltzmann-like suppression 𝑒−𝜋𝑚/𝐻. The new 
physics range is narrowed down to 𝑚 ∼ 𝐻.

• Can we increase and broaden this window?

• Solution: chemical potential.
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Chemical potential

• The rolling classical background of inflaton can 
act as a chemical potential during inflation [a,b].

• The tree-level Lagrangian [b]:

[a] N. Barnaby et al., 1102:4333; X. Chen et al., 1805.02656; P. Adshead et al., 1803.04501; L. Wang, Z. Xianyu, 1910.12876 …
[b] A. Bodas, S. Kumar, R. Sundrum, 2010.04727; A. Bodas, E. Broadberry, R. Sundrum, 2409.07524. 
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• The signal:
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Chemical potential at 1-loop

• Particles carrying nontrivial quantum numbers 
can only be produced at 1-loop level:

• New charged particles from SUSY, GUT

• Heavy sterile neutrinos (spins)

• ...

• We study a simple extension of the tree-level 
model:
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• Loop diagrams are hard to 
evaluate in general.

• Estimations have been made 
but are unjustified.
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Conquering loops

• The inflation spacetime is approximately de Sitter.
• In flat spacetime, the Poincaré isometry implies the Källén-Lehmann

spectral decomposition for any two-point functions:

• The de Sitter isometry also allows a similar spectral decomposition, where 
the spectral density has been evaluated explicitly with a relatively simple 
form.

𝑚 d𝑚
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Spectral density
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Conquering loops

[a] J. Bros, H. Epstein, et al., 0901.4223; M. Loparco, J. Penedones, et al., 2306.00090.
[b] A. Bodas, S. Kumar, R. Sundrum, 2010.04727.
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Signal
• The integral over invariant mass is highly 

oscillatory and is dominated by two limits:
1 𝑚 = 𝑚1 +𝑚2, 2 𝑚 = 𝜆

• The first one gives the signal while the second 
one gives an smooth analytic background.

• Near the threshold limit (1), the signal factorizes:

Tree-level:     δ𝜙𝒌1δ𝜙𝒌2δ𝜙𝒌3 ~
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Results

There is a large parameter region 
with signal size of F∼𝑂 10−2 .

This is observable within future 
21-cm experiments [a].

[a] P. D. Meerburg, M. Münchmeye, et al., 1610.06559.
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Conclusion

• We studied a 1-loop model of charged scalars with chemical 
potential.

• We evaluated the 1-loop integral analytically using spectral 
decomposition.

• We obtained an oscillatory signal of F∼ 𝑂 10−2 , observable 
within the future 21-cm experiments.

• We are working to generalize this mechanism to SUSY inflation 
and apply this to the colored Higgs in orbifold SUSY GUTs.



Thank you!



Supplement: 21-cm tomography

• 21-cm radio waves are in resonance with the Hydrogen hyperfine transition.

• With CMB as a homogeneous light source at 𝑧 ∼ 1000, the brightness of the 
21-cm absorption line can be used to probe the density fluctuation between 
𝑧 ∼ 1000 and 𝑧 = 5 ∼ 30.

• In comparison, LSS survey can only probe 𝑧 < 5. 

• While the sky is only 2D, the redshift allows determination of the depth, i.e. a 
3D map with more degrees of freedom can be measured.



Supplement: Analytic background

• The integral of invariant mass also receives a large 
contributions near the 𝑚 = 𝜆 limit.

• This gives rise to a scale-invariant background:
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• The signal-to-background ratio is 𝑂 1/𝑚, 1/𝜆 .

• The background is smooth and can be separated 
from the oscillatory signature. 
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Supplement: Constraints

• The major constraints come from the parametric
resonance (PR).

Classical parametric oscillator:

ሷ𝑥 + ω2 1 + 2ℎ cos 𝛾𝑡 𝑥 = 0

• Higher order corrections are exponentially enhanced by PR.

• PR breaks the de Sitter covariance significantly, while also 
offers possibilities of a larger signal-strength.
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