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Introduction: Standard Model & CP
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Introduction: Axion as a solution

2 Dynamical Solution, Axion a(x):
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Matching with ChPT
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Introduction: Axion as a solution

2 ChPT + Axions
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Dynamical solution to strong CP
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Quality Problem and Heavy Axion

107 ——r

T

Colored Particle Limit

10° ¢

Collider

S~

m, |GeV]
See: Rubakov 9703409

Fukuda, Harigaya, Ibe, Yanagida 1504.06084
Hook, Kumapr, Liu, Sundrum 1911.12364 etc.
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* CD Axion with large fa is
problematic => Quality Problem
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Intensity Frontier: Bounds from Meson decay

Jaff ~ GrOff ><:> sin 6

™t = 7% (a) ety Kt »7nta,K;, — 1a

Altmannshofer, Gori, Robinson 1909.00005 Gori, Perez, Tobioka 2005.05170

sin?19

F D PIENU (invisible)
g r = PIENU (prompt)
10 E_ [ PIBETA (prompt)
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Indirect Probes: Triparno, Subhajit, Tuhin 2022



Intensity Frontier: Bounds from Beam-dump

Example: DUNE (Also could be MiniBooNE, microBooNE etc.)

Axion Production
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MeV-GeV region open! Technically Challenging
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MeV-GeV region open! Technically Challenging

107
107! 2 Recall, the chiral Lagrangian for matching
f2 2 ~ R
Lypr D “ETr [DFY DX + 2528, Tr [ M) + M2 + ..
10' Collider 8 4
%6\0 Colored Particle Limit
103 b by &7 2 Infinite number of operators beyond LO

0

(K) A ~dnfr~1 GeV

2 Breaks down for momentum for p>1 GeV
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MeV-GeV region - Minimal ALP

2 MeV-GeV range, b->s transition is the relevant process!
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Matching Operator

spY"v5br, + h.c.

 Need to know what else gets generated

SC et. Al. 2102.04474

Wikipedia,

11



MeV-GeV region - Minimal ALP

2 MeV-GeV range, b->s transition is the relevant process!

a o
__SGa GHva
fo 8

Cor (M) (9fa

Matching Operator

spY"v5br, + h.c.

 Need to know what else gets generated

SC et. Al. 2102.04474

Wikipedia,

11



Counterterms => Operators

 Two Loop Diagrams:

b%s b%s M:A+§+C
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g " = Need aqq operator, Caqq

0] /
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= Need abs operator, Cups

SC et. Al. R102.04474
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Running and Matching
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Axions: Experimental Searches

e Belle-2:

!!!!!

D. Aloni, Y. Soreq, M. Williams: 1811.03474
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Belle Detector
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Recent Works at Belle: 1908.09719,
1911.03176, 2108.10331 etc.
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Prompt Searches: Minimal Coupling
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Displaced Searches: Minimal Coupling

SC et. Al. 2108.10331
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Other Couplings of ALP
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ALPs: Energy Frontier

Bauer et. Al. 1808.10323
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WZW-Terms?

UV (QCD) IR (ChPT)
1 _ 2
L= -GG + i P, Lyt D Tr [DS D, BT + .
G = SU(N;) x SU(N})g " H = SU(N;)y
't Hooft Anomaly? > Swzw = 2miN, I'5(0)
Wi

Wess-Zumino(1971), Witten(1983)
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Implications of WZW term

N > > N

SC, Gupta, Vanvlassaelaer (to appear)

2 Cooling of Neutron Stars

Probing such interactions at the intensity frontiers, GlueX etc.

Harvey, Hill, Hill (0712.1230), SM WZW for MiniBooNE
SC, Gupta, Vanvlassaelaer (JCAP 2023), SM WZW Neutron Star Cooling
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Fantastic Axions & where to fiind them

Intensity Frontier

2 Rare processes, Intensity Frontier Experiments, Developing EFTS (ongoing)
2 Probing WZW interactions

Energy Frontier

2 Lepton Colliders, MATHUSLA (Long Lived Axions)

Cosmic Frontier

Cooling of neutron stars

Axion-Meson Oscillations: J0,a F,,w,

7 Kinetic Misalignment, Axion Co-genesis (Harigaya, Hall, Co 2019, SC, Okui, Jung 2021)
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Displaced Searches at Belle
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Backup4: Axions

P = 5+ fa e Fa * Lrsvz = (QLLP)Jr (0" P) + QZDQ
— (yoPQrLQr +h.c.) — V(IP%)

V2

Example of a UV model

After SB, P becomes a GB

Heavy quarks generate a coupling

—)\—jgexp (’Lfﬁ) QLQR + h.c.

_ Q
o )
Q
"QQQQQQC

Chiral rotation removes this

s O _ ~
- However, generates: 8_7Tf_GG

24



