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Instanton and the theta term



Theta term and neutron EDM

The topological theta term

(when the quarks are massive)

F. K. Guo, U. G. Meißner, 
J. High Energy Phys. 12, 97 (2012)

Feynman diagrams contributing to the baryon electric dipole form 
factor up to next-to-leading order �� = ��(�)
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Experiment + Lattice
 �� < 2.9 × 10−26e ⋅ cm(90% C.L. ) ⇒ � ≲ 10−10

破坏CP对称性

L. Di Luzio, M. Giannotti, E. Nardi, L Visinelli, Phys. Rep. 870, 1–117 (2020).



Cumulants of the QCD topological charge distribution
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● The QCD partition function in the θ-vacuum

with the topological charge Q given by 

● The partition function Z(θ) is dominated by the ground state, 
which defines the vacuum energy density

Topological susceptibility �� The fourth cumulant ��

F. K. Guo, U. G. Meißner, 
Phys. Lett. B 749, 278 (2015)

�� =− ��/(����) 



Chiral Perturbation Theory
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One-loop generating functional

Originally, the one-loop generational functional �one−loop is expanded 
around the functional for free fields at � = 0

J. Gasser and H. Leutwyler, NPB 250, 465 (1985)



One-loop contributions
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Divergences
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● The leading-order chiral Lagrangian of SU(2) CHPT

● Explicit analytical solution for the vacuum state

● If �� ������  ��= �� = �/�

SU(2) CHPT: LO
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● The next-to-leading-order chiral Lagrangian of SU(2) CHPT
 Tree-level Lagrangian

● The next-to-leading-order chiral Lagrangian of SU(2) CHPT
 One-loop contribution

SU(2) CHPT: NLO
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● Vacuum free energy density at zero temperature

● Vacuum free energy density at finite temperature

Free energy density up to NLO
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● Topological susceptibility at vanishing temperature

● The normalized fourth cumulant �� =−
��

����
 at vanishing finite 

temperature

Topological susceptibility and b2

 S. Borsanyi  et al, Nature 539, 69-71 
(2016)

● Lattice data

��
1/4 = 75.5(5) MeV

Z.-Y. Lu, M.-L. Du, F.-K. Guo, U.-G. Meißner, and T. Vonk, JHEP 05, 001 (2020).

● SU(3) CHPT

● SU(2) CHPT
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Cumulants of the QCD topological charge distribution

ZYL, Q. Tang, S.-P. Wang, Y. Huang, Z. Zhang, B. Zhang,
Phys. Rev. D 113, 014013 (2026)

�1/4 =  
75.5(5) MeV,  SU(2)CHPT
75.6(6) MeV,  SU(3)CHPT
75.6(2) MeV,  Lattice data

ZYL, M.-L. Du, F.-K. Guo, U.-G. Meißner, T. Vonk, 
JHEP 05, 001 (2020)
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Cumulants of the QCD topological charge distribution

ZYL, Q. Tang, S.-P. Wang, Y. Huang, Z. Zhang, B. Zhang, Phys. Rev. D 113, 014013 (2026)
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CHPT at finite isospin density

Low density  High density

S. Carignano, A. Mammarella, M. Mannarelli, 
Phys. Rev. D 93, 051503 (2016).



Summary

● The topological susceptibility and higher-order cumulants (b2, b4) are 
systematically studied, showing good agreement with lattice QCD results. 

●We calculate the QCD �-vacuum energy density within SU(2) chiral 
perturbation theory up to next-to-leading order, including both tree-level and 
one-loop contributions at finite temperature.

● The temperature and density dependence of topological observables 
reveals the modification of axion properties in hot and dense QCD matter.
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● The reduction of the axion potential barrier in the chirally restored phase leads 
to thicker domain walls with reduced tension, which may have implications for 
axion dynamics in compact astrophysical environments.


