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• QCD:   SU(3) gauge theory with 6 flavours of quarks (u,d,s,c,b,t) in fundamental representation

• Most general gauge- and Lorentz-invariant renormalizable action: 

• Covariant gauge kinetic term,                      , build from gluonic field strength tensors,                                                        , 
in terms of gluonic gauge fields,      , describes gluons and their interactions

• Covariant quark kinetic term,                , involving covariant derivative                                 , describes quarks and their
interactions

• What about last term?    

Action of Quantum Chromodynamics (QCD)  

[Gross,Wilczek 73;Politzer 73; Fritzsch,Gell-Mann,Leutwyler 73] [Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]
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• Involving Hodge dual of gluonic field tensor, 

• Integrand is total derivative:

• Divergence of Chern-Simons current

• Theta-term does not contribute at the classical level and in perturbation theory

• Depends only on boundary information (`topological´)

• Does not give rise to new vertices in Feynman rules

• But it gives non-perturbative contribution in quantum theory because of the topologically non-trivial vacuum
structure of QCD

Theta-term in action of QCD
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• First consider

• Provides a mapping
• Pontryagin index counts the number of times is wrapped around the group manifold
• Pontryagin index aka winding number aka topological charge

• In Euclidean space, SU(2) field configurations contributing to the vacuum-to-vacuum amplitude fall in 
homotopy classes of different topological charge

• It is not possible to continuously deform a field configuration into another of different winding number while
maintaining the action finite

• General SU(3) gauge field configurations can be classified in the same SU(2) homotopy classes

• The reason being that any mapping from S3 into any simple Lie group G can be deformed into a mapping to a SU(2) 
subgroup of G in a continuous way, hence with no change of homotopy class. 

Theta-term in action of QCD
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Theta-term in action of QCD
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• Vacuum-to-vacuum amplitude can be written in terms of Fourier series

of Euclidean path integrals over gauge fields with fixed topological charge,

• Theta is an angular parameter, 

• Ordinary perturbative QCD resides in topologically trivial sector

Theta-term in action of QCD
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Theta-dependence of vacuum energy density in QCD
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Theta-dependence of vacuum energy density in QCD
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• Vacuum-to-vacuum amplitude related to vacuum energy density via 

• Theta-dependence of vacuum energy density: 

• Vacuum energy density is periodic: 

Theta-dependence of vacuum energy density in QCD
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• Vacuum-to-vacuum amplitude related to vacuum energy density via 

• Theta-dependence of vacuum energy density: 

• Vacuum energy density is periodic: 

• Vacuum energy density has a minimum for vanishing theta: 

Theta-dependence of vacuum energy density in QCD

[Vafa,Witten `84 ]
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• Vacuum-to-vacuum amplitude related to vacuum energy density via 

• Theta-dependence of vacuum energy density: 

• Vacuum energy density is periodic: 

• Vacuum energy density has a minimum for vanishing theta: 

• Relies on the fact that is positive definite for a vector-like theory as QCD, which implies

Theta-dependence of vacuum energy density in QCD

[Vafa,Witten `84 ]
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• Vacuum-to-vacuum amplitude related to vacuum energy density via 

• Theta-dependence of vacuum energy density: 

• Vacuum energy density is periodic: 

• Vacuum energy density has a minimum for vanishing theta: 

• Relies on the fact that is positive definite for a vector-like theory as QCD, which implies

• Important for axion physics: axion field corresponds to space-time dependent theta parameter, field-dependence of
axion potential is then given by theta-dependence of vacuum energy density. Result implies, axion has vanishing
vacuum expectation value.       

Theta-dependence of vacuum energy density in QCD

[Vafa,Witten `84 ]
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Theta-dependence of vacuum energy density in QCD
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• Further progress can be made in the chiral limit,

• Consider first unrealistic case of one light flavour called u.

• Exploiting the chiral anomaly, that is the non-invariance of the fermionic measure in the path integral under a chiral
transformation,                  ,                                                         , one may trade the theta parameter for a phase of
the quark mass

Theta-dependence of vacuum energy density in QCD
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• Further progress can be made in the chiral limit,

• Consider first unrealistic case of one light flavour called u.

• Exploiting the chiral anomaly, that is the non-invariance of the fermionic measure in the path integral under a chiral
transformation,                  ,                                                         , one may trade the theta parameter for a phase of
the quark mass

• Therefore, the vacuum-to-vacuum amplitude and thus the energy density depends on the quark mass and the theta
parameter only through the product :   

Theta-dependence of vacuum energy density in QCD
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• Further progress can be made in the chiral limit,

• Consider first unrealistic case of one light flavour called u.

• Exploiting the chiral anomaly, that is the non-invariance of the fermionic measure in the path integral under a chiral
transformation,                  ,                                                         , one may trade the theta parameter for a phase of
the quark mass

• Therefore, the vacuum-to-vacuum amplitude and thus the energy density depends on the quark mass and the theta
parameter only through the product :   

• The spectrum of the theory does not contain massless particles in the chiral limit. Expansion in powers of mass does
therefore not give rise to infrared divergencies, i.e. is an ordinary Taylor expansion, 

where

Theta-dependence of vacuum energy density in QCD

[Leutwyler,Smilga `92 ]
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• Further progress can be made in the chiral limit,

• Consider first unrealistic case of one light flavour called u.

• Exploiting the chiral anomaly, that is the non-invariance of the fermionic measure in the path integral under a chiral
transformation,                  ,                                                         , one may trade the theta parameter for a phase of
the quark mass

• Therefore, the vacuum-to-vacuum amplitude and thus the energy density depends on the quark mass and the theta
parameter only through the product :   

• The spectrum of the theory does not contain massless particles in the chiral limit. Expansion in powers of mass does
therefore not give rise to infrared divergencies, i.e. is an ordinary Taylor expansion, 

where

• Vacuum energy has absolute minimum at vanishing theta angle 

Theta-dependence of vacuum energy density in QCD

[Leutwyler,Smilga `92 ]
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• Further progress can be made in the chiral limit,

• Consider first unrealistic case of one light flavour called u.

• Exploiting the chiral anomaly, that is the non-invariance of the fermionic measure in the path integral under a chiral
transformation,                  ,                                                         , one may trade the theta parameter for a phase of
the quark mass

• Therefore, the vacuum-to-vacuum amplitude and thus the energy density depends on the quark mass and the theta
parameter only through the product :   

• The spectrum of the theory does not contain massless particles in the chiral limit. Expansion in powers of mass does
therefore not give rise to infrared divergencies, i.e. is an ordinary Taylor expansion, 

where

• Vacuum energy has absolute minimum at vanishing theta angle 
• Vacuum energy independent of theta if quark mass zero

Theta-dependence of vacuum energy density in QCD

[Leutwyler,Smilga `92 ]
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• Further progress can be made in the chiral limit,

• In realistic case of two light flavours, say u and d. 

Theta-dependence of vacuum energy density in QCD
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• Further progress can be made in the chiral limit,

• In realistic case of two light flavours, say u and d. 

• Exploiting the chiral anomaly, that is the non-invariance of the fermionic measure in the path integral under a 
common chiral transformation,                   ,                                                          , one may trade the theta parameter
for an overall phase of the quark mass

Theta-dependence of vacuum energy density in QCD
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• In realistic case of two light flavours, say u and d. 

• Exploiting the chiral anomaly, that is the non-invariance of the fermionic measure in the path integral under a 
common chiral transformation,                   ,                                                          , one may trade the theta parameter
for an overall phase of the quark mass

• Therefore, the vacuum-to-vacuum amplitude and thus the energy density depends on the quark mass and the theta
parameter only through the product:   

Theta-dependence of vacuum energy density in QCD
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• Further progress can be made in the chiral limit,

• In realistic case of two light flavours, say u and d. 

• Exploiting the chiral anomaly, that is the non-invariance of the fermionic measure in the path integral under a 
common chiral transformation,                   ,                                                          , one may trade the theta parameter
for an overall phase of the quark mass

• Therefore, the vacuum-to-vacuum amplitude and thus the energy density depends on the quark mass and the theta
parameter only through the product:   

• However, in this case the spectrum of the theory does contain massless particles in the chiral limit, namely three
pseudo-scalar Nambu-Goldstone bosons, the pions, originating from spontaneous breaking of the chiral symmetry
by light quarks. 

•

Theta-dependence of vacuum energy density in QCD
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• Further progress can be made in the chiral limit,

• In realistic case of two light flavours, say u and d. 

• Exploiting the chiral anomaly, that is the non-invariance of the fermionic measure in the path integral under a 
common chiral transformation,                   ,                                                          , one may trade the theta parameter
for an overall phase of the quark mass

• Therefore, the vacuum-to-vacuum amplitude and thus the energy density depends on the quark mass and the theta
parameter only through the product:   

• However, in this case the spectrum of the theory does contain massless particles in the chiral limit, namely three
pseudo-scalar Nambu-Goldstone bosons, the pions, originating from spontaneous breaking of the chiral symmetry
by light quarks. 

• Vacuum-to-vacuum amplitude for realistic QCD at large four volume and small quark masses should be well
described by the effective field theory (EFT) of pions

Theta-dependence of vacuum energy density in QCD
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• Further progress can be made in the chiral limit,

• In realistic case of two light flavours, say u and d. 

• Exploiting the chiral anomaly, that is the non-invariance of the fermionic measure in the path integral under a 
common chiral transformation,                   ,                                                          , one may trade the theta parameter
for an overall phase of the quark mass

• Therefore, the vacuum-to-vacuum amplitude and thus the energy density depends on the quark mass and the theta
parameter only through the product:   

• However, in this case the spectrum of the theory does contain massless particles in the chiral limit, namely three
pseudo-scalar Nambu-Goldstone bosons, the pions, originating from spontaneous breaking of the chiral symmetry
by light quarks. 

• Vacuum-to-vacuum amplitude for realistic QCD at large four volume and small quark masses should be well
described by the effective field theory (EFT) of pions

• Exploiting chiral EFT, one finds

Theta-dependence of vacuum energy density in QCD

[Di Vecchia,Veneziano `80; Leutwyler,Smilga `92 ]
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Theta-dependence of vacuum energy density in QCD
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• Theta-term violates both T and P, and thus CP

Neutron electric dipole moment
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• Theta-term violates both T and P, and thus CP

• This can be understood by expressing theta term in terms of color electric and color magnetic fields, 

Neutron electric dipole moment
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• Theta-term violates both T and P, and thus CP

• This can be understood by expressing theta term in terms of color electric and color magnetic fields, 

• Electric fields are even under T and odd under P: 

Neutron electric dipole moment



Page 69

Strong CP Puzzle

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Theta-term violates both T and P, and thus CP

• This can be understood by expressing theta term in terms of color electric and color magnetic fields, 

• Electric fields are even under T and odd under P: 
• Magnetic fields are odd under T and even under P:

Neutron electric dipole moment
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• Theta-term violates both T and P, and thus CP

• This can be understood by expressing theta term in terms of color electric and color magnetic fields, 

• Electric fields are even under T and odd under P: 
• Magnetic fields are odd under T and even under P:
• Electric fields are odd under C, with the consequence that they are even under CP 

Neutron electric dipole moment
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• Theta-term violates both T and P, and thus CP

• This can be understood by expressing theta term in terms of color electric and color magnetic fields, 

• Electric fields are even under T and odd under P: 
• Magnetic fields are odd under T and even under P:
• Electric fields are odd under C, with the consequence that they are even under CP 

• Magnetic fields are odd under C, with the consequence that they are odd under CP

Neutron electric dipole moment
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• Most sensitive probe of T and P violation in flavor conserving interactions: electric
dipole moment of neutron, corresponding to effective electric dipole interaction:

Neutron electric dipole moment

[Crewther,Di Vecchia,Veneziano,Witten 79]
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• Most sensitive probe of T and P violation in flavor conserving interactions: electric
dipole moment of neutron, corresponding to effective electric dipole interaction:

• Educated guess:

Neutron electric dipole moment

[Crewther,Di Vecchia,Veneziano,Witten 79]
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• Most sensitive probe of T and P violation in flavor conserving interactions: electric
dipole moment of neutron, corresponding to effective electric dipole interaction:

• Educated guess:

• Currently best theoretical determination:

Neutron electric dipole moment

[Pospelov,Ritz 00]

[Crewther,Di Vecchia,Veneziano,Witten 79]
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• Most sensitive probe of T and P violation in flavor conserving interactions: electric
dipole moment of neutron, corresponding to effective electric dipole interaction:

• Educated guess:

• Currently best theoretical determination:

• Experiment:  [Abel et al. 20]

Neutron electric dipole moment

[Pospelov,Ritz 00]

[Crewther,Di Vecchia,Veneziano,Witten 79]
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• Most sensitive probe of T and P violation in flavor conserving interactions: electric
dipole moment of neutron, corresponding to effective electric dipole interaction:

• Educated guess:

• Currently best theoretical determination:

• Experiment:  [Abel et al. 20]

Neutron electric dipole moment

[Pospelov,Ritz 00]

[Crewther,Di Vecchia,Veneziano,Witten 79]
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• Add to the Standard Model a Nambu-Goldstone field,                                             , respecting, apart from an 
effective interaction with the gluonic topological charge density  

a non-linearly realized              symmetry (                                ).
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Promote theta parameter to a dynamical field
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• Add to the Standard Model a Nambu-Goldstone field,                                             , respecting, apart from an 
effective interaction with the gluonic topological charge density  

a non-linearly realized              symmetry (                                ).

• In analogy to pion physics,       dubbed `decay constant´

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit> <latexit sha1_base64="c2RQv4rb2ZzD0zHXYwtswqgfUWc=">AAACD3icbVDLSgMxFM3UV62vUZdugkWsCGVGBHVXdOOygrWFTimZNNOGJpkhuSOWoZ/gxl9x40LFrVt3/o3pY6GtBwLnnnMvN/eEieAGPO/byS0sLi2v5FcLa+sbm1vu9s6diVNNWY3GItaNkBgmuGI14CBYI9GMyFCweti/Gvn1e6YNj9UtDBLWkqSreMQpASu13cMAegwILj0c4QBiPClH1THOAi0xjZWB8rDtFr2yNwaeJ/6UFNEU1bb7FXRimkqmgApiTNP3EmhlRAOngg0LQWpYQmifdFnTUkUkM61sfNAQH1ilg6NY26cAj9XfExmRxgxkaDslgZ6Z9Ubif14zhei8lXGVpMAUnSyKUoHt5aN0cIdrRkEMLCFUc/tXTHtEEwo2w4INwZ89eZ7UTsoXZf/mtFi5nKaRR3toH5WQj85QBV2jKqohih7RM3pFb86T8+K8Ox+T1pwzndlFf+B8/gB06pst</latexit>

Promote theta parameter to a dynamical field
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• Add to the Standard Model a Nambu-Goldstone field,                                             , respecting, apart from an 
effective interaction with the gluonic topological charge density  

a non-linearly realized              symmetry (                                ).

• In analogy to pion physics,       dubbed `decay constant´

• of order the breaking scale of the global               symmetry 
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Promote theta parameter to a dynamical field
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• Add to the Standard Model a Nambu-Goldstone field,                                             , respecting, apart from an 
effective interaction with the gluonic topological charge density  

a non-linearly realized              symmetry (                                ).

• In analogy to pion physics,       dubbed `decay constant´

• of order the breaking scale of the global               symmetry 
• Dimension 5 interaction; theory breaks down at scales of order      ; needs UV completion at scales above this scale
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Promote theta parameter to a dynamical field
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• Add to the Standard Model a Nambu-Goldstone field,                                             , respecting, apart from an 
effective interaction with the gluonic topological charge density  

a non-linearly realized              symmetry (                                ).

• In analogy to pion physics,       dubbed `decay constant´

• of order the breaking scale of the global               symmetry 
• Dimension 5 interaction; theory breaks down at scales of order      ; needs UV completion at scales above this scale

• Exploiting the shift symmetry and this effective interaction allows us to eliminate the QCD     -parameter by 
the shift:
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Promote theta parameter to a dynamical field
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• Add to the Standard Model a Nambu-Goldstone field,                                             , respecting, apart from an 
effective interaction with the gluonic topological charge density  

a non-linearly realized              symmetry (                                ).

• In analogy to pion physics,       dubbed `decay constant´

• of order the breaking scale of the global               symmetry 
• Dimension 5 interaction; theory breaks down at scales of order      ; needs UV completion at scales above this scale

• Exploiting the shift symmetry and this effective interaction allows us to eliminate the QCD     -parameter by 
the shift:

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit> <latexit sha1_base64="c2RQv4rb2ZzD0zHXYwtswqgfUWc=">AAACD3icbVDLSgMxFM3UV62vUZdugkWsCGVGBHVXdOOygrWFTimZNNOGJpkhuSOWoZ/gxl9x40LFrVt3/o3pY6GtBwLnnnMvN/eEieAGPO/byS0sLi2v5FcLa+sbm1vu9s6diVNNWY3GItaNkBgmuGI14CBYI9GMyFCweti/Gvn1e6YNj9UtDBLWkqSreMQpASu13cMAegwILj0c4QBiPClH1THOAi0xjZWB8rDtFr2yNwaeJ/6UFNEU1bb7FXRimkqmgApiTNP3EmhlRAOngg0LQWpYQmifdFnTUkUkM61sfNAQH1ilg6NY26cAj9XfExmRxgxkaDslgZ6Z9Ubif14zhei8lXGVpMAUnSyKUoHt5aN0cIdrRkEMLCFUc/tXTHtEEwo2w4INwZ89eZ7UTsoXZf/mtFi5nKaRR3toH5WQj85QBV2jKqohih7RM3pFb86T8+K8Ox+T1pwzndlFf+B8/gB06pst</latexit>

Promote theta parameter to a dynamical field

<latexit sha1_base64="xzLqJjn6Hhd+kQ+DOUQwnchdfQk=">AAAB93icbVBNSwMxFMzWr1o/WvXoJVgET2VXBPVW9OKxgquF7lKyabYNzSZL8laoS3+JFw8qXv0r3vw3Zts9aOtAYJh5w3uZKBXcgOt+O5WV1bX1jepmbWt7Z7fe2Nu/NyrTlPlUCaW7ETFMcMl84CBYN9WMJJFgD9H4uvAfHpk2XMk7mKQsTMhQ8phTAlbqN+qBsnaRDmDEgPQbTbflzoCXiVeSJirR6Te+goGiWcIkUEGM6XluCmFONHAq2LQWZIalhI7JkPUslSRhJsxnh0/xsVUGOFbaPgl4pv5O5CQxZpJEdjIhMDKLXiH+5/UyiC/CnMs0AybpfFGcCQwKFy3gAdeMgphYQqjm9lZMR0QTCrarmi3BW/zyMvFPW5ct7/as2b4q26iiQ3SETpCHzlEb3aAO8hFFGXpGr+jNeXJenHfnYz5accrMAfoD5/MHpayTRw==</latexit>

<latexit sha1_base64="XCDrWF4xRgZ1QigFj+blAOyt3ug=">AAACGHicbVDLSgMxFM3UVx1foy7dBItQF5YZKai7ghuXFRxb6Awlk6ZtaOZBckcsQ3/Djb/ixoWK2+78GzPtgNp6IXByzj03uSdIBFdg219GaWV1bX2jvGlube/s7ln7B/cqTiVlLo1FLNsBUUzwiLnAQbB2IhkJA8Faweg611sPTCoeR3cwTpgfkkHE+5wS0FTXsj0YMiC4+niKPYjxz9U8w16srfnkgsUmNrtWxa7Zs8LLwClABRXV7FpTrxfTNGQRUEGU6jh2An5GJHAq2MT0UsUSQkdkwDoaRiRkys9mm03wiWZ6uB9LfSLAM/a3IyOhUuMw0J0hgaFa1HLyP62TQv/Sz3iUpMAiOn+onwqsI8hjwj0uGQUx1oBQyfVfMR0SSSjoMPMQnMWVl4F7XruqObf1SqNepFFGR+gYVZGDLlAD3aAmchFFT+gFvaF349l4NT6Mz3lrySg8h+hPGdNvVLidgw==</latexit>



Page 83

The Axion

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Add to the Standard Model a Nambu-Goldstone field,                                             , respecting, apart from an 
effective interaction with the gluonic topological charge density  

a non-linearly realized              symmetry (                                ).

• In analogy to pion physics,       dubbed `decay constant´

• of order the breaking scale of the global               symmetry 
• Dimension 5 interaction; theory breaks down at scales of order      ; needs UV completion at scales above this scale

• Exploiting the shift symmetry and this effective interaction allows us to eliminate the QCD     -parameter by 
the shift:
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• Add to the Standard Model a Nambu-Goldstone field,                                             , respecting, apart from an 
effective interaction with the gluonic topological charge density  

a non-linearly realized              symmetry (                                ).

• In analogy to pion physics,       dubbed `decay constant´

• of order the breaking scale of the global               symmetry 
• Dimension 5 interaction; theory breaks down at scales of order      ; needs UV completion at scales above this scale

• Exploiting the shift symmetry and this effective interaction allows us to eliminate the QCD     -parameter by 
the shift:

• QCD theta parameter promoted to dynamical field 
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• Dynamics of                            , at energy scales below     , but above          , described by

[Peccei,Quinn 77]Peccei-Quinn mechanism
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• Dynamics of                            , at energy scales below     , but above          , described by

• At energies below           ,

[Peccei,Quinn 77]Peccei-Quinn mechanism
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• Dynamics of                            , at energy scales below     , but above          , described by

• At energies below           ,

• Field dependence of effective potential coincides with theta-dependence of vacuum energy in QCD

[Peccei,Quinn 77]Peccei-Quinn mechanism
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• Dynamics of                            , at energy scales below     , but above          , described by

• At energies below           ,

• Field dependence of effective potential coincides with theta-dependence of vacuum energy in QCD

• There is no strong CP violation:

[Peccei,Quinn 77]Peccei-Quinn mechanism
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PQ mechanism predicts pseudo Nambu-Goldstone boson
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[Weinberg 78; Wilczek 78]
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• There is a particle excitation of the field        , which was dubbed `axion´

PQ mechanism predicts pseudo Nambu-Goldstone boson

-3π -2π -π 0 π 2π 3π
a/fa

V
(a
)

[Weinberg 78; Wilczek 78]
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• There is a particle excitation of the field        , which was dubbed `axion´

• Cleans up a problem associated with an axial current

PQ mechanism predicts pseudo Nambu-Goldstone boson

-3π -2π -π 0 π 2π 3π
a/fa

V
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)

[Weinberg 78; Wilczek 78]
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• There is a particle excitation of the field        , which was dubbed `axion´

• Cleans up a problem associated with an axial current

• The axion mass determined by the second derivative of the effective 
potential:

PQ mechanism predicts pseudo Nambu-Goldstone boson

-3π -2π -π 0 π 2π 3π
a/fa

V
(a
)

[Weinberg 78; Wilczek 78]
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• There is a particle excitation of the field        , which was dubbed `axion´

• Cleans up a problem associated with an axial current

• The axion mass determined by the second derivative of the effective 
potential:

• Parametrically suppressed by decay constant: axion very light if decay constant 
large: 

PQ mechanism predicts pseudo Nambu-Goldstone boson

-3π -2π -π 0 π 2π 3π
a/fa

V
(a
)

[Weinberg 78; Wilczek 78]



Page 94

The Axion

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• There is a particle excitation of the field        , which was dubbed `axion´

• Cleans up a problem associated with an axial current

• The axion mass determined by the second derivative of the effective 
potential:

• Parametrically suppressed by decay constant: axion very light if decay constant 
large: 

• Precise calculation, by including           QED corrections and NNLO corrections 
in chiral perturbation theory:                                  

PQ mechanism predicts pseudo Nambu-Goldstone boson

-3π -2π -π 0 π 2π 3π
a/fa

V
(a
)

[Gorghetto et al. 18]

[Weinberg 78; Wilczek 78]
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Coupling to the nucleon EDM
• Axion has a model-independent coupling to the

EDM of the nucleon:

• This is phenomenologically important for experi-
ments searching for axion dark matter via osci-
llating nucleon electric dipole moments such as
nEDM and CASPEr-electric

[Pospelov,Ritz 00]
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[adapted from https://github.com/cajohare/AxionLimits]
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Coupling to photons
• From mixing with the pion, the axion inherits at 

energy scales below the QCD scale, a model-
independent contribution to its coupling with two
photons:

• LO chiral perturbation theory:

• Precise NLO determination

• Phenomenologically important for experiments
searching for axions via coupling to photons

[Kaplan 85;Srednicki `85]

[Grilli di Cortona et al. `16]
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