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Strong CP and QCD Axion

Experimental hints: neutron EDM QCD axion: A pseudo Nambu-Goldstone Boson
Naive expectation: O(Q x fm) = 10 ecm  (pNGB) of a the Peccei-Quinn symmetry
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Axion DM from
Misalignment 00 ~ H/2m fo < 1

Jf, > H,/ 2t with inflationary Hubble and PQ
symmetry is not restored during (p)reheating

IDM created when H < m_, isocurvature given
by quantum fluctuations of «

Reverse story:
Y. Bao- J. Fan-. LL. 2022
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The minimum *Oscillating field creates non-
made by (G0 relativistic, coherent axion particles 4




Primordial
Non-Gaussianity &
Cosmolocal Collider

X. Chen. Y. Wang- euuqa‘\\\\\\\\\\
Arkani-Hamed. Maldacena-. 2015
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Curvature
(dHeavy field created by COM [socurvature c /EiVitﬂtiU“E” Waves

quantum fluctuations vs h nd
Well-prepared beams N %“ﬁace ot rehe
. N
dinterfere with background
fluctuations, amplitude Fropagation
instead of its square and decay
dTime invariance breaks

down by inflation: No
Invariant masses



kdecadeecay ~ m/ H SkEtCh Of a
Cosmological Collider
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Beyond Boltzmann
Suppression
_IClassical Feature

X. Chena 20113 X. Chena R. Ebadi. S. Kumara. 20223
Bodas-. R. Sundrum. 2022 ..

JChemical potential

A. Bodas. S. Kumara R. Sundrum. 20205 C. M. Soua
Tong -Y. Wang- 2022 ..
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Scenario 1: Classical Feature
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+ Toy feature: a step in potential

L1 =

Vo1(0) = —bVyo 0(0 — os)

(Could be a phase transition or
other more realistic approaches) p

Mediator excited: 10, the radial mode
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2-PT Correlators ]
Plane of reheating
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Scale-dependent oscillation in 2-pt, LARGER in isocurvature
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Feature ~ Reed
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Observational Hints
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Scenario 2: Chemical Potential
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Kinetic mixing between the massless
axion and still massive inflaton:

) = a=a— zQ Z—Hfl
p p? ? - A

(1, will convert into isocurvature after
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Axion-Fermion Coupling
Take a KSVZ-type theory w/ PQ symmetry

Using vector-like quarks to induce coupling to QCD:

J.E. Kim- 19793 M. A. Shifman-. A. I.
Vainshtein-. V. I. Zakharov. 1980

. . , , 0,0 or
Native” in QCD axion scenarios

0, 0,0 + 2 T
2 f; ID’Y V5P = 2, Yy Y5y

Lingteng Li | 2303.0340b &
2203.03308
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X. Chen-, Y. Wang-. and Z.-Z.
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Ch I.. I P t t I Xianyu. 20185 L.-T. Wang and
e Ica o en Ia Z.-7Z. Xianyu. 20195 A. Bodas-

. . . . . . S. Kumara. R. Sundrum 20205 C.
A rolling axion field introduces a chemical potential 1. sou. x. Tong. v. wang 2021

Opposite sign for different fermion helicity
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The chemical potential =
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In de Sitter background, non-adiabatic Es
transition happens with little suppression
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Hybrid Mode of All Types b
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Parity Odd Universe? Neig = 800

C4(r1 ’ r2a r3)
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Hints from LSS that the four-point
trispectrum of galaxies is parity odd

0. Philcox. 20225 J. Hou. Z.
Slepiana R.N. Cahn. 2022
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For the boson loop version,

see X. Niua M. H. Rahata. K.
Sirinvasana. W. Xue 2022

See also

V. Gluscevica M. Kamionkowski. 2010
T. Liua X. Tonga Y. Wang -+ Z.-Z.
Xianyus 20195 R-N. Cahn. Z.
Slepian- J. Hou. 20213 S. Jazayeria
S. Renaux-Petels X. Tonga D. Werth-
Y. Zhu. 2023
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Misalignment Details

https://cajohare.github.io/AxionLimits ]
1 May be a good way to pin down
the inflationary scale:
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Summary

(ANon-minimal coupling between the PQ field and inflaton can do a lot

JRich cosmological signals in both curvature and isocurvature modes

JApplies to axion-like-particles

dMay point out the scale of inflation

JPotential relation to the (C)P properties of our universe
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Cosmological Collider: Start from

an Actual Collider
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 Precisely prepared initial state:
fixed Ecm, luminosity,
direction...

(1 Short-lived resonances: the
detector surfaces are too far
compared to mg'

J Multi-species: y, e*, i, K* ...

[ Flat space time: invariant mass
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In-in Formalism

(W (1)) = <(T€—i It Him(t’)dt’)T W (t) (Te_iﬁoc Hint(t”)dt”)>
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Numerical Benchmark
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Numerical Approximation

(/0 X. Chen. Y. Wang. and Z.--Z. Xianyua. 20185
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