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Introduction

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Standard Model (SM) extremely successful

The Quest for the Axion

pp

500 µb�1

80 µb�1

W Z t̄t t

t-chan

WW H

total

tt̄H

VBF

VH

Wt

2.0 fb
�1

WZ ZZ t

s-chan

t̄tW t̄tZ tZj

10�1

1

101

102

103

104

105

106

1011

�
[p

b
]

Status: March 2018

ATLAS Preliminary

Run 1,2
p
s = 7,8,13 TeV

Theory

LHC pp
p
s = 7 TeV

Data 4.5 � 4.9 fb
�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb
�1

LHC pp
p
s = 13 TeV

Data 3.2 � 36.1 fb
�1

Standard Model Total Production Cross Section Measurements

[Wikipedia] [twiki.cern.ch]



Page 3

Introduction

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Standard Model (SM) extremely successful

• SM leaves unanswered important questions

The Quest for the Axion



Page 4

Introduction

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Standard Model (SM) extremely successful

• SM leaves unanswered important questions:

• Why is the electric dipole moment (EDM) of the neutron so tiny?

The Quest for the Axion

[Hook 18]
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• Standard Model (SM) extremely successful

• SM leaves unanswered important questions:

• Why is the electric dipole moment (EDM) of the neutron so tiny?
• What is the nature of dark matter (DM)?

The Quest for the Axion
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• Standard Model (SM) extremely successful

• SM leaves unanswered important questions:

• Why is the electric dipole moment (EDM) of the neutron so tiny?
• What is the nature of dark matter (DM)?

• Peccei-Quinn (PQ) extension of SM may solve these
puzzles in one smash

The Quest for the Axion
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• Standard Model (SM) extremely successful

• SM leaves unanswered important questions:

• Why is the electric dipole moment (EDM) of the neutron so tiny?
• What is the nature of dark matter (DM)?

• Peccei-Quinn (PQ) extension of SM may solve these
puzzles in one smash:  

• Axion – pseudo Nambu-Goldstone boson arising from PQ 
symmetry breaking – explains tiny neutron EDM

The Quest for the Axion

[Peccei,Quinn `77; Weinberg `78; Wilczek `78]
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| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Standard Model (SM) extremely successful

• SM leaves unanswered important questions:

• Why is the electric dipole moment (EDM) of the neutron so tiny?
• What is the nature of dark matter (DM)?

• Peccei-Quinn (PQ) extension of SM may solve these
puzzles in one smash:  

• Axion – pseudo Nambu-Goldstone boson arising from PQ 
symmetry breaking – explains tiny neutron EDM

• Axion is excellent DM candidate

The Quest for the Axion

[Peccei,Quinn `77; Weinberg `78; Wilczek `78]

[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

[Saikawa]   
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Strong CP Puzzle

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Quantum Chromodynamics (QCD): [Gross,Wilczek 73;Politzer 73; Fritzsch,Gell-Mann,Leutwyler 73]

Theta term in Quantum Chromodynamics

<latexit sha1_base64="dlk4iNgl/wb/eeOl3JWjvA6X6FE="></latexit>
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• Quantum Chromodynamics (QCD): [Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]

Theta term in Quantum Chromodynamics
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Strong CP Puzzle

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Quantum Chromodynamics (QCD):

• Parameters: strong coupling , quark masses and theta angle  ↵s

[Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]

Theta term in Quantum Chromodynamics

<latexit sha1_base64="UV2+NjVmg/vbpwabxtvJXdkEDYA="></latexit>
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| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Quantum Chromodynamics (QCD):

• Parameters: strong coupling , quark masses and theta angle  

• Topological theta term
violates T and P, and thus CP 

↵s

[Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]

/ Ga
µ⌫G̃

a,µ⌫ / Ea ·Ba

Theta term in Quantum Chromodynamics

<latexit sha1_base64="UV2+NjVmg/vbpwabxtvJXdkEDYA="></latexit>
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• Parameters: strong coupling , quark masses and theta angle  

• Topological theta term
violates T and P, and thus CP 

• Most sensitive probe of T and P violation in flavor
conserving interactions
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• Quantum Chromodynamics (QCD):

• Parameters: strong coupling , quark masses and theta angle  

• Topological theta term
violates T and P, and thus CP 

• Most sensitive probe of T and P violation in flavor
conserving interactions: electric dipole moment of
neutron (nEDM)
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• Parameters: strong coupling , quark masses and theta angle  

• Topological theta term
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• Parameters: strong coupling , quark masses and theta angle  

• Topological theta term
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• Most sensitive probe of T and P violation in flavor
conserving interactions: electric dipole moment of
neutron (nEDM), corresponding to eff. interaction:
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• Topological theta term
violates T and P, and thus CP 

• Most sensitive probe of T and P violation in flavor
conserving interactions: electric dipole moment of
neutron (nEDM), corresponding to eff. interaction:

• Prediction:

• Experiment:   

↵s

[Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]

/ Ga
µ⌫G̃

a,µ⌫ / Ea ·Ba

Theta term in Quantum Chromodynamics

<latexit sha1_base64="UV2+NjVmg/vbpwabxtvJXdkEDYA="></latexit>

<latexit sha1_base64="Vh337IAeXGqBtc20PN4PnPgQ1uI=">AAACDHicbVBNS8MwGE7n15xfU49egkMQ1NGKoMehF48T3Ae0ZaRZuoWlaUneCqPsB3jxr3jxoIhXf4A3/43p1oNuvhDy8HyQvE+QCK7Btr+t0tLyyupaeb2ysbm1vVPd3WvrOFWUtWgsYtUNiGaCS9YCDoJ1E8VIFAjWCUY3ud55YErzWN7DOGF+RAaSh5wSMFSvWvNiI+dpD4YMCPa4xO6Zl3B8ik/yy68Yl123p4MXgVOAGiqm2at+ef2YphGTQAXR2nXsBPyMKOBUsEnFSzVLCB2RAXMNlCRi2s+my0zwkWH6OIyVORLwlP2dyEik9TgKjDMiMNTzWk7+p7kphFd+xmWSApN09lCYCgwxzpvBfa4YBTE2gFDFzV8xHRJFKJj+8hKc+ZUXQfu87th15+6i1rgu6iijA3SIjpGDLlED3aImaiGKHtEzekVv1pP1Yr1bHzNrySoy++jPWJ8/MyCZvg==</latexit>

[Crewther,Di Vecchia,Veneziano,Witten 79;...; Pospelov,Ritz 00]

[Abel et al. 20]



Page 19

Strong CP Puzzle

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Quantum Chromodynamics (QCD):

• Parameters: strong coupling , quark masses and theta angle  

• Topological theta term
violates T and P, and thus CP 

• Most sensitive probe of T and P violation in flavor
conserving interactions: electric dipole moment of
neutron (nEDM), corresponding to eff. interaction:

• Prediction:

• Experiment:   

↵s

[Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]

/ Ga
µ⌫G̃

a,µ⌫ / Ea ·Ba

Theta term in Quantum Chromodynamics

<latexit sha1_base64="UV2+NjVmg/vbpwabxtvJXdkEDYA="></latexit>

<latexit sha1_base64="Vh337IAeXGqBtc20PN4PnPgQ1uI=">AAACDHicbVBNS8MwGE7n15xfU49egkMQ1NGKoMehF48T3Ae0ZaRZuoWlaUneCqPsB3jxr3jxoIhXf4A3/43p1oNuvhDy8HyQvE+QCK7Btr+t0tLyyupaeb2ysbm1vVPd3WvrOFWUtWgsYtUNiGaCS9YCDoJ1E8VIFAjWCUY3ud55YErzWN7DOGF+RAaSh5wSMFSvWvNiI+dpD4YMCPa4xO6Zl3B8ik/yy68Yl123p4MXgVOAGiqm2at+ef2YphGTQAXR2nXsBPyMKOBUsEnFSzVLCB2RAXMNlCRi2s+my0zwkWH6OIyVORLwlP2dyEik9TgKjDMiMNTzWk7+p7kphFd+xmWSApN09lCYCgwxzpvBfa4YBTE2gFDFzV8xHRJFKJj+8hKc+ZUXQfu87th15+6i1rgu6iijA3SIjpGDLlED3aImaiGKHtEzekVv1pP1Yr1bHzNrySoy++jPWJ8/MyCZvg==</latexit>

[Crewther,Di Vecchia,Veneziano,Witten 79;...; Pospelov,Ritz 00]

[Abel et al. 20]



Page 20

Axionic Solution of Strong CP Puzzle

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Add to SM Nambu-Goldstone field,                                        

In a nutshell: Replace theta parameter by dynamical theta field

[Peccei,Quinn 77]
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Axionic Solution of Strong CP Puzzle

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Add to SM Nambu-Goldstone field,                                        , respecting a non-linearly realized             sym-
metry (                                )

<latexit sha1_base64="c2RQv4rb2ZzD0zHXYwtswqgfUWc=">AAACD3icbVDLSgMxFM3UV62vUZdugkWsCGVGBHVXdOOygrWFTimZNNOGJpkhuSOWoZ/gxl9x40LFrVt3/o3pY6GtBwLnnnMvN/eEieAGPO/byS0sLi2v5FcLa+sbm1vu9s6diVNNWY3GItaNkBgmuGI14CBYI9GMyFCweti/Gvn1e6YNj9UtDBLWkqSreMQpASu13cMAegwILj0c4QBiPClH1THOAi0xjZWB8rDtFr2yNwaeJ/6UFNEU1bb7FXRimkqmgApiTNP3EmhlRAOngg0LQWpYQmifdFnTUkUkM61sfNAQH1ilg6NY26cAj9XfExmRxgxkaDslgZ6Z9Ubif14zhei8lXGVpMAUnSyKUoHt5aN0cIdrRkEMLCFUc/tXTHtEEwo2w4INwZ89eZ7UTsoXZf/mtFi5nKaRR3toH5WQj85QBV2jKqohih7RM3pFb86T8+K8Ox+T1pwzndlFf+B8/gB06pst</latexit>

In a nutshell: Replace theta parameter by dynamical theta field
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Axionic Solution of Strong CP Puzzle

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Add to SM Nambu-Goldstone field,                                        , respecting a non-linearly realized             sym-
metry (                                ), broken only by coupling to gluonic topological charge density:

<latexit sha1_base64="c2RQv4rb2ZzD0zHXYwtswqgfUWc=">AAACD3icbVDLSgMxFM3UV62vUZdugkWsCGVGBHVXdOOygrWFTimZNNOGJpkhuSOWoZ/gxl9x40LFrVt3/o3pY6GtBwLnnnMvN/eEieAGPO/byS0sLi2v5FcLa+sbm1vu9s6diVNNWY3GItaNkBgmuGI14CBYI9GMyFCweti/Gvn1e6YNj9UtDBLWkqSreMQpASu13cMAegwILj0c4QBiPClH1THOAi0xjZWB8rDtFr2yNwaeJ/6UFNEU1bb7FXRimkqmgApiTNP3EmhlRAOngg0LQWpYQmifdFnTUkUkM61sfNAQH1ilg6NY26cAj9XfExmRxgxkaDslgZ6Z9Ubif14zhei8lXGVpMAUnSyKUoHt5aN0cIdrRkEMLCFUc/tXTHtEEwo2w4INwZ89eZ7UTsoXZf/mtFi5nKaRR3toH5WQj85QBV2jKqohih7RM3pFb86T8+K8Ox+T1pwzndlFf+B8/gB06pst</latexit>

In a nutshell: Replace theta parameter by dynamical theta field

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

[Peccei,Quinn 77]
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Axionic Solution of Strong CP Puzzle

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Add to SM Nambu-Goldstone field,                                        , respecting a non-linearly realized             sym-
metry (                                ), broken only by coupling to gluonic topological charge density:

• Can eliminate QCD    -parameter

by shift

<latexit sha1_base64="c2RQv4rb2ZzD0zHXYwtswqgfUWc=">AAACD3icbVDLSgMxFM3UV62vUZdugkWsCGVGBHVXdOOygrWFTimZNNOGJpkhuSOWoZ/gxl9x40LFrVt3/o3pY6GtBwLnnnMvN/eEieAGPO/byS0sLi2v5FcLa+sbm1vu9s6diVNNWY3GItaNkBgmuGI14CBYI9GMyFCweti/Gvn1e6YNj9UtDBLWkqSreMQpASu13cMAegwILj0c4QBiPClH1THOAi0xjZWB8rDtFr2yNwaeJ/6UFNEU1bb7FXRimkqmgApiTNP3EmhlRAOngg0LQWpYQmifdFnTUkUkM61sfNAQH1ilg6NY26cAj9XfExmRxgxkaDslgZ6Z9Ubif14zhei8lXGVpMAUnSyKUoHt5aN0cIdrRkEMLCFUc/tXTHtEEwo2w4INwZ89eZ7UTsoXZf/mtFi5nKaRR3toH5WQj85QBV2jKqohih7RM3pFb86T8+K8Ox+T1pwzndlFf+B8/gB06pst</latexit>

<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="FJRES8tWsOfQDH4rZhbhX4i4ObE="></latexit>

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

In a nutshell: Replace theta parameter by dynamical theta field

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

[Peccei,Quinn 77]
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Axionic Solution of Strong CP Puzzle

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Add to SM Nambu-Goldstone field,                                        , respecting a non-linearly realized             sym-
metry (                                ), broken only by coupling to gluonic topological charge density:

• Can eliminate QCD    -parameter

by shift
• Effective potential         at energies below has absolute minimum at            and thus predicts .                       

<latexit sha1_base64="c2RQv4rb2ZzD0zHXYwtswqgfUWc=">AAACD3icbVDLSgMxFM3UV62vUZdugkWsCGVGBHVXdOOygrWFTimZNNOGJpkhuSOWoZ/gxl9x40LFrVt3/o3pY6GtBwLnnnMvN/eEieAGPO/byS0sLi2v5FcLa+sbm1vu9s6diVNNWY3GItaNkBgmuGI14CBYI9GMyFCweti/Gvn1e6YNj9UtDBLWkqSreMQpASu13cMAegwILj0c4QBiPClH1THOAi0xjZWB8rDtFr2yNwaeJ/6UFNEU1bb7FXRimkqmgApiTNP3EmhlRAOngg0LQWpYQmifdFnTUkUkM61sfNAQH1ilg6NY26cAj9XfExmRxgxkaDslgZ6Z9Ubif14zhei8lXGVpMAUnSyKUoHt5aN0cIdrRkEMLCFUc/tXTHtEEwo2w4INwZ89eZ7UTsoXZf/mtFi5nKaRR3toH5WQj85QBV2jKqohih7RM3pFb86T8+K8Ox+T1pwzndlFf+B8/gB06pst</latexit>

<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="FJRES8tWsOfQDH4rZhbhX4i4ObE="></latexit>

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

<latexit sha1_base64="8j91X9uqXqcz6ASm4TGiySIJWtE=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YvHCsYW21A22027dLMJuxOhhP4LLx5UvPpzvPlv3LY5aPXBwOO9GWbmhakUBl33yyktLa+srpXXKxubW9s71d29e5NkmnGfJTLR7ZAaLoXiPgqUvJ1qTuNQ8lY4up76rUeujUjUHY5THsR0oEQkGEUrPXRxyJGSS+L2qjW37s5A/hKvIDUo0OxVP7v9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPrt4Qo6s0idRom0pJDP150ROY2PGcWg7Y4pDs+hNxf+8TobReZALlWbIFZsvijJJMCHT90lfaM5Qji2hTAt7K2FDqilDG1LFhuAtvvyX+Cf1i7p3e1prXBVplOEADuEYPDiDBtxAE3xgoOAJXuDVMc6z8+a8z1tLTjGzD7/gfHwDtHaP0Q==</latexit>

<latexit sha1_base64="Cf9xbGO9q/iR4B2ki8hlAINPTTU=">AAACC3icbVC7SgNBFJ31GddX1NJmMAixCbsSUAshYGMZwZhANoTZyU0yZHZ2mbkrhpAPsPFXbCxUbP0BO//GSbKFJh4YOJxzLnfuCRMpDHret7O0vLK6tp7bcDe3tnd283v7dyZONYcaj2WsGyEzIIWCGgqU0Eg0sCiUUA8HVxO/fg/aiFjd4jCBVsR6SnQFZ2ildr4QSKZ6EgLsAzJafDihgZ4q9JJ6LqUudW3KK3lT0EXiZ6RAMlTb+a+gE/M0AoVcMmOavpdga8Q0Ci5h7AapgYTxAetB01LFIjCt0fSYMT22Sod2Y22fQjpVf0+MWGTMMAptMmLYN/PeRPzPa6bYPW+NhEpSBMVni7qppBjTSTO0IzRwlENLGNfC/pXyPtOMo+1vUoI/f/IiqZ2WLkr+TblQKWdt5MghOSJF4pMzUiHXpEpqhJNH8kxeyZvz5Lw4787HLLrkZDMH5A+czx9gJpgZ</latexit>

In a nutshell: Replace theta parameter by dynamical theta field

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

[Peccei,Quinn 77]

[Vafa,Witten 84]
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Axionic Solution of Strong CP Puzzle

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Add to SM Nambu-Goldstone field,                                        , respecting a non-linearly realized             sym-
metry (                                ), broken only by coupling to gluonic topological charge density:

• Can eliminate QCD    -parameter

by shift
• Effective potential         at energies below has absolute minimum at            and thus predicts .         

Can be calculated analytically exploiting chiral perturbation theory (mixing with neutral pions): 

<latexit sha1_base64="c2RQv4rb2ZzD0zHXYwtswqgfUWc=">AAACD3icbVDLSgMxFM3UV62vUZdugkWsCGVGBHVXdOOygrWFTimZNNOGJpkhuSOWoZ/gxl9x40LFrVt3/o3pY6GtBwLnnnMvN/eEieAGPO/byS0sLi2v5FcLa+sbm1vu9s6diVNNWY3GItaNkBgmuGI14CBYI9GMyFCweti/Gvn1e6YNj9UtDBLWkqSreMQpASu13cMAegwILj0c4QBiPClH1THOAi0xjZWB8rDtFr2yNwaeJ/6UFNEU1bb7FXRimkqmgApiTNP3EmhlRAOngg0LQWpYQmifdFnTUkUkM61sfNAQH1ilg6NY26cAj9XfExmRxgxkaDslgZ6Z9Ubif14zhei8lXGVpMAUnSyKUoHt5aN0cIdrRkEMLCFUc/tXTHtEEwo2w4INwZ89eZ7UTsoXZf/mtFi5nKaRR3toH5WQj85QBV2jKqohih7RM3pFb86T8+K8Ox+T1pwzndlFf+B8/gB06pst</latexit>

<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="FJRES8tWsOfQDH4rZhbhX4i4ObE="></latexit>

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

<latexit sha1_base64="8j91X9uqXqcz6ASm4TGiySIJWtE=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YvHCsYW21A22027dLMJuxOhhP4LLx5UvPpzvPlv3LY5aPXBwOO9GWbmhakUBl33yyktLa+srpXXKxubW9s71d29e5NkmnGfJTLR7ZAaLoXiPgqUvJ1qTuNQ8lY4up76rUeujUjUHY5THsR0oEQkGEUrPXRxyJGSS+L2qjW37s5A/hKvIDUo0OxVP7v9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPrt4Qo6s0idRom0pJDP150ROY2PGcWg7Y4pDs+hNxf+8TobReZALlWbIFZsvijJJMCHT90lfaM5Qji2hTAt7K2FDqilDG1LFhuAtvvyX+Cf1i7p3e1prXBVplOEADuEYPDiDBtxAE3xgoOAJXuDVMc6z8+a8z1tLTjGzD7/gfHwDtHaP0Q==</latexit>

In a nutshell: Replace theta parameter by dynamical theta field

[Di Vecchia,Veneziano `80; Leutwyler,Smilga 92]

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

[Peccei,Quinn 77]

<latexit sha1_base64="Cf9xbGO9q/iR4B2ki8hlAINPTTU=">AAACC3icbVC7SgNBFJ31GddX1NJmMAixCbsSUAshYGMZwZhANoTZyU0yZHZ2mbkrhpAPsPFXbCxUbP0BO//GSbKFJh4YOJxzLnfuCRMpDHret7O0vLK6tp7bcDe3tnd283v7dyZONYcaj2WsGyEzIIWCGgqU0Eg0sCiUUA8HVxO/fg/aiFjd4jCBVsR6SnQFZ2ildr4QSKZ6EgLsAzJafDihgZ4q9JJ6LqUudW3KK3lT0EXiZ6RAMlTb+a+gE/M0AoVcMmOavpdga8Q0Ci5h7AapgYTxAetB01LFIjCt0fSYMT22Sod2Y22fQjpVf0+MWGTMMAptMmLYN/PeRPzPa6bYPW+NhEpSBMVni7qppBjTSTO0IzRwlENLGNfC/pXyPtOMo+1vUoI/f/IiqZ2WLkr+TblQKWdt5MghOSJF4pMzUiHXpEpqhJNH8kxeyZvz5Lw4787HLLrkZDMH5A+czx9gJpgZ</latexit>
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Axionic Solution of Strong CP Puzzle

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Add to SM Nambu-Goldstone field,                                        , respecting a non-linearly realized             sym-
metry (                                ), broken only by coupling to gluonic topological charge density:

• Can eliminate QCD    -parameter

by shift
• Effective potential         at energies below has absolute minimum at            and thus predicts .                       

Can be calculated analytically exploiting chiral perturbation theory (mixing with neutral pions): 

<latexit sha1_base64="c2RQv4rb2ZzD0zHXYwtswqgfUWc=">AAACD3icbVDLSgMxFM3UV62vUZdugkWsCGVGBHVXdOOygrWFTimZNNOGJpkhuSOWoZ/gxl9x40LFrVt3/o3pY6GtBwLnnnMvN/eEieAGPO/byS0sLi2v5FcLa+sbm1vu9s6diVNNWY3GItaNkBgmuGI14CBYI9GMyFCweti/Gvn1e6YNj9UtDBLWkqSreMQpASu13cMAegwILj0c4QBiPClH1THOAi0xjZWB8rDtFr2yNwaeJ/6UFNEU1bb7FXRimkqmgApiTNP3EmhlRAOngg0LQWpYQmifdFnTUkUkM61sfNAQH1ilg6NY26cAj9XfExmRxgxkaDslgZ6Z9Ubif14zhei8lXGVpMAUnSyKUoHt5aN0cIdrRkEMLCFUc/tXTHtEEwo2w4INwZ89eZ7UTsoXZf/mtFi5nKaRR3toH5WQj85QBV2jKqohih7RM3pFb86T8+K8Ox+T1pwzndlFf+B8/gB06pst</latexit>

<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="FJRES8tWsOfQDH4rZhbhX4i4ObE="></latexit>

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

<latexit sha1_base64="8j91X9uqXqcz6ASm4TGiySIJWtE=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YvHCsYW21A22027dLMJuxOhhP4LLx5UvPpzvPlv3LY5aPXBwOO9GWbmhakUBl33yyktLa+srpXXKxubW9s71d29e5NkmnGfJTLR7ZAaLoXiPgqUvJ1qTuNQ8lY4up76rUeujUjUHY5THsR0oEQkGEUrPXRxyJGSS+L2qjW37s5A/hKvIDUo0OxVP7v9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPrt4Qo6s0idRom0pJDP150ROY2PGcWg7Y4pDs+hNxf+8TobReZALlWbIFZsvijJJMCHT90lfaM5Qji2hTAt7K2FDqilDG1LFhuAtvvyX+Cf1i7p3e1prXBVplOEADuEYPDiDBtxAE3xgoOAJXuDVMc6z8+a8z1tLTjGzD7/gfHwDtHaP0Q==</latexit>

In a nutshell: Replace theta parameter by dynamical theta field

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

[Peccei,Quinn 77]

<latexit sha1_base64="Cf9xbGO9q/iR4B2ki8hlAINPTTU=">AAACC3icbVC7SgNBFJ31GddX1NJmMAixCbsSUAshYGMZwZhANoTZyU0yZHZ2mbkrhpAPsPFXbCxUbP0BO//GSbKFJh4YOJxzLnfuCRMpDHret7O0vLK6tp7bcDe3tnd283v7dyZONYcaj2WsGyEzIIWCGgqU0Eg0sCiUUA8HVxO/fg/aiFjd4jCBVsR6SnQFZ2ildr4QSKZ6EgLsAzJafDihgZ4q9JJ6LqUudW3KK3lT0EXiZ6RAMlTb+a+gE/M0AoVcMmOavpdga8Q0Ci5h7AapgYTxAetB01LFIjCt0fSYMT22Sod2Y22fQjpVf0+MWGTMMAptMmLYN/PeRPzPa6bYPW+NhEpSBMVni7qppBjTSTO0IzRwlENLGNfC/pXyPtOMo+1vUoI/f/IiqZ2WLkr+TblQKWdt5MghOSJF4pMzUiHXpEpqhJNH8kxeyZvz5Lw4787HLLrkZDMH5A+czx9gJpgZ</latexit>

[Di Vecchia,Veneziano `80; Leutwyler,Smilga 92]
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Axionic Solution of Strong CP Puzzle

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Add to SM Nambu-Goldstone field,                                        , respecting a non-linearly realized             sym-
metry (                                ), broken only by coupling to gluonic topological charge density:

• Can eliminate QCD    -parameter

by shift
• Effective potential         at energies below has absolute minimum at            and thus predicts .         

Can be calculated analytically exploiting chiral perturbation theory (mixing with neutral pions)
• Particle excitation: “axion”

<latexit sha1_base64="c2RQv4rb2ZzD0zHXYwtswqgfUWc=">AAACD3icbVDLSgMxFM3UV62vUZdugkWsCGVGBHVXdOOygrWFTimZNNOGJpkhuSOWoZ/gxl9x40LFrVt3/o3pY6GtBwLnnnMvN/eEieAGPO/byS0sLi2v5FcLa+sbm1vu9s6diVNNWY3GItaNkBgmuGI14CBYI9GMyFCweti/Gvn1e6YNj9UtDBLWkqSreMQpASu13cMAegwILj0c4QBiPClH1THOAi0xjZWB8rDtFr2yNwaeJ/6UFNEU1bb7FXRimkqmgApiTNP3EmhlRAOngg0LQWpYQmifdFnTUkUkM61sfNAQH1ilg6NY26cAj9XfExmRxgxkaDslgZ6Z9Ubif14zhei8lXGVpMAUnSyKUoHt5aN0cIdrRkEMLCFUc/tXTHtEEwo2w4INwZ89eZ7UTsoXZf/mtFi5nKaRR3toH5WQj85QBV2jKqohih7RM3pFb86T8+K8Ox+T1pwzndlFf+B8/gB06pst</latexit>

<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="FJRES8tWsOfQDH4rZhbhX4i4ObE="></latexit>

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

In a nutshell: Replace theta parameter by dynamical theta field

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

[Peccei,Quinn 77]

<latexit sha1_base64="8j91X9uqXqcz6ASm4TGiySIJWtE=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YvHCsYW21A22027dLMJuxOhhP4LLx5UvPpzvPlv3LY5aPXBwOO9GWbmhakUBl33yyktLa+srpXXKxubW9s71d29e5NkmnGfJTLR7ZAaLoXiPgqUvJ1qTuNQ8lY4up76rUeujUjUHY5THsR0oEQkGEUrPXRxyJGSS+L2qjW37s5A/hKvIDUo0OxVP7v9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPrt4Qo6s0idRom0pJDP150ROY2PGcWg7Y4pDs+hNxf+8TobReZALlWbIFZsvijJJMCHT90lfaM5Qji2hTAt7K2FDqilDG1LFhuAtvvyX+Cf1i7p3e1prXBVplOEADuEYPDiDBtxAE3xgoOAJXuDVMc6z8+a8z1tLTjGzD7/gfHwDtHaP0Q==</latexit>

<latexit sha1_base64="Cf9xbGO9q/iR4B2ki8hlAINPTTU=">AAACC3icbVC7SgNBFJ31GddX1NJmMAixCbsSUAshYGMZwZhANoTZyU0yZHZ2mbkrhpAPsPFXbCxUbP0BO//GSbKFJh4YOJxzLnfuCRMpDHret7O0vLK6tp7bcDe3tnd283v7dyZONYcaj2WsGyEzIIWCGgqU0Eg0sCiUUA8HVxO/fg/aiFjd4jCBVsR6SnQFZ2ildr4QSKZ6EgLsAzJafDihgZ4q9JJ6LqUudW3KK3lT0EXiZ6RAMlTb+a+gE/M0AoVcMmOavpdga8Q0Ci5h7AapgYTxAetB01LFIjCt0fSYMT22Sod2Y22fQjpVf0+MWGTMMAptMmLYN/PeRPzPa6bYPW+NhEpSBMVni7qppBjTSTO0IzRwlENLGNfC/pXyPtOMo+1vUoI/f/IiqZ2WLkr+TblQKWdt5MghOSJF4pMzUiHXpEpqhJNH8kxeyZvz5Lw4787HLLrkZDMH5A+czx9gJpgZ</latexit>

[Weinberg `78; Wilczek `78]
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Axionic Solution of Strong CP Puzzle

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

• Add to SM Nambu-Goldstone field,                                        , respecting a non-linearly realized             sym-
metry (                                ), broken only by coupling to gluonic topological charge density:

• Can eliminate QCD    -parameter

by shift
• Effective potential         at energies below has absolute minimum at            and thus predicts .         

Can be calculated analytically exploiting chiral perturbation theory (mixing with neutral pions)
• Particle excitation: “axion”
• It is a pseudo Nambu-Goldstone boson with mass parametrically suppressed by inverse PQ scale:

<latexit sha1_base64="c2RQv4rb2ZzD0zHXYwtswqgfUWc=">AAACD3icbVDLSgMxFM3UV62vUZdugkWsCGVGBHVXdOOygrWFTimZNNOGJpkhuSOWoZ/gxl9x40LFrVt3/o3pY6GtBwLnnnMvN/eEieAGPO/byS0sLi2v5FcLa+sbm1vu9s6diVNNWY3GItaNkBgmuGI14CBYI9GMyFCweti/Gvn1e6YNj9UtDBLWkqSreMQpASu13cMAegwILj0c4QBiPClH1THOAi0xjZWB8rDtFr2yNwaeJ/6UFNEU1bb7FXRimkqmgApiTNP3EmhlRAOngg0LQWpYQmifdFnTUkUkM61sfNAQH1ilg6NY26cAj9XfExmRxgxkaDslgZ6Z9Ubif14zhei8lXGVpMAUnSyKUoHt5aN0cIdrRkEMLCFUc/tXTHtEEwo2w4INwZ89eZ7UTsoXZf/mtFi5nKaRR3toH5WQj85QBV2jKqohih7RM3pFb86T8+K8Ox+T1pwzndlFf+B8/gB06pst</latexit>

<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="FJRES8tWsOfQDH4rZhbhX4i4ObE="></latexit>

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

In a nutshell: Replace theta parameter by dynamical theta field

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

[Peccei,Quinn 77]

<latexit sha1_base64="8j91X9uqXqcz6ASm4TGiySIJWtE=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YvHCsYW21A22027dLMJuxOhhP4LLx5UvPpzvPlv3LY5aPXBwOO9GWbmhakUBl33yyktLa+srpXXKxubW9s71d29e5NkmnGfJTLR7ZAaLoXiPgqUvJ1qTuNQ8lY4up76rUeujUjUHY5THsR0oEQkGEUrPXRxyJGSS+L2qjW37s5A/hKvIDUo0OxVP7v9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPrt4Qo6s0idRom0pJDP150ROY2PGcWg7Y4pDs+hNxf+8TobReZALlWbIFZsvijJJMCHT90lfaM5Qji2hTAt7K2FDqilDG1LFhuAtvvyX+Cf1i7p3e1prXBVplOEADuEYPDiDBtxAE3xgoOAJXuDVMc6z8+a8z1tLTjGzD7/gfHwDtHaP0Q==</latexit>

<latexit sha1_base64="Cf9xbGO9q/iR4B2ki8hlAINPTTU=">AAACC3icbVC7SgNBFJ31GddX1NJmMAixCbsSUAshYGMZwZhANoTZyU0yZHZ2mbkrhpAPsPFXbCxUbP0BO//GSbKFJh4YOJxzLnfuCRMpDHret7O0vLK6tp7bcDe3tnd283v7dyZONYcaj2WsGyEzIIWCGgqU0Eg0sCiUUA8HVxO/fg/aiFjd4jCBVsR6SnQFZ2ildr4QSKZ6EgLsAzJafDihgZ4q9JJ6LqUudW3KK3lT0EXiZ6RAMlTb+a+gE/M0AoVcMmOavpdga8Q0Ci5h7AapgYTxAetB01LFIjCt0fSYMT22Sod2Y22fQjpVf0+MWGTMMAptMmLYN/PeRPzPa6bYPW+NhEpSBMVni7qppBjTSTO0IzRwlENLGNfC/pXyPtOMo+1vUoI/f/IiqZ2WLkr+TblQKWdt5MghOSJF4pMzUiHXpEpqhJNH8kxeyZvz5Lw4787HLLrkZDMH5A+czx9gJpgZ</latexit>

[Weinberg `78; Wilczek `78]
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Axionic Solution of Strong CP Puzzle 

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

Axion couplings to SM at energies below QCD scale
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Axionic Solution of Strong CP Puzzle 

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

Axion couplings to SM at energies below QCD scale

• Coupling to nucleon EDM independent of UV completion: [Pospelov,Ritz 00]
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Axionic Solution of Strong CP Puzzle 

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

Axion couplings to SM at energies below QCD scale

• Coupling to nucleon EDM independent of UV completion:

• Couplings to photon

[Pospelov,Ritz 00]
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Axionic Solution of Strong CP Puzzle 

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

Axion couplings to SM at energies below QCD scale

• Coupling to nucleon EDM independent of UV completion:

• Couplings to photon and nucleons

[Pospelov,Ritz 00]



Page 33

Axionic Solution of Strong CP Puzzle 

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

Axion couplings to SM at energies below QCD scale

• Coupling to nucleon EDM independent of UV completion:

• Couplings to photon and nucleons get contributions independent from UV completion (due to mixing with
neutral pion)

[Pospelov,Ritz 00]
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Axionic Solution of Strong CP Puzzle 

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

Axion couplings to SM at energies below QCD scale

• Coupling to nucleon EDM independent of UV completion:

• Couplings to photon and nucleons get contributions independent from UV completion (due to mixing with
neutral pion):

[Pospelov,Ritz 00]

[Kaplan 85;Srednicki `85]
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Axionic Solution of Strong CP Puzzle 

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

Axion couplings to SM at energies below QCD scale

• Coupling to nucleon EDM independent of UV completion:

• Couplings to photon and nucleons get contributions independent from UV completion (due to mixing with
neutral pion):

[Pospelov,Ritz 00]

[Kaplan 85;Srednicki `85] [Grilli di Cortona et al. `16]
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Axionic Solution of Strong CP Puzzle 

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 
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• Couplings to photon and nucleons get contributions independent from UV completion (due to mixing with
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[Pospelov,Ritz 00]

[Kaplan 85;Srednicki `85] [Grilli di Cortona et al. `16]
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Axion couplings to SM at energies below QCD scale

• Coupling to nucleon EDM independent of UV completion:

• Couplings to photon and nucleons get contributions independent from UV completion (due to mixing with
neutral pion):

• All the couplings to SM particles suppressed by inverse of

• ‘‘Invisible axion’’ assumes [Kim 79;Shifman,Vainshtein,Zakharov 80;Zhitnitsky 80;Dine,Fischler,Srednicki 81;...]

[Pospelov,Ritz 00]

[Kaplan 85;Srednicki `85] [Grilli di Cortona et al. `16]
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Axion couplings to SM at energies below QCD scale

• Coupling to nucleon EDM independent of UV completion:

• Couplings to photon and nucleons get contributions independent from UV completion (due to mixing with
neutral pion):

• All the couplings to SM particles suppressed by inverse of

• ‘‘Invisible axion’’ assumes

• Natural DM candidate

[Kim 79;Shifman,Vainshtein,Zakharov 80;Zhitnitsky 80;Dine,Fischler,Srednicki 81;...]

[Pospelov,Ritz 00]
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Axion couplings to SM at energies below QCD scale

• Coupling to nucleon EDM independent of UV completion:

• Couplings to photon and nucleons get contributions independent from UV completion (due to mixing with
neutral pion):

• All the couplings to SM particles suppressed by inverse of

• ‘‘Invisible axion’’ assumes

• Natural DM candidate
• stable on cosmologically time scales

[Kim 79;Shifman,Vainshtein,Zakharov 80;Zhitnitsky 80;Dine,Fischler,Srednicki 81;...]

[Pospelov,Ritz 00]

[Kaplan 85;Srednicki `85] [Grilli di Cortona et al. `16]
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Axion couplings to SM at energies below QCD scale

• Coupling to nucleon EDM independent of UV completion:

• Couplings to photon and nucleons get contributions independent from UV completion (due to mixing with
neutral pion):

• All the couplings to SM particles suppressed by inverse of

• ‘‘Invisible axion’’ assumes

• Natural DM candidate
• stable on cosmologically time scales
• automatically produced in early universe by misalignment mechanism

[Kim 79;Shifman,Vainshtein,Zakharov 80;Zhitnitsky 80;Dine,Fischler,Srednicki 81;...]

[Pospelov,Ritz 00]

[Kaplan 85;Srednicki `85] [Grilli di Cortona et al. `16]

[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]
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Production via misalignment mechanism
• After PQ symmetry breaking in early universe, 

axion takes random initial values in causally
connected domains

[Turner `86]
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Production via misalignment mechanism
• After PQ symmetry breaking in early universe, 

axion takes random initial values in causally
connected domains

• Evolution frozen as long as

[Raffelt]
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Production via misalignment mechanism
• After PQ symmetry breaking in early universe, 

axion takes random initial values in causally
connected domains

• Evolution frozen as long as

• Later, when , axion field starts to
oscillate around minimum of potential

[Wantz,Shellard `09]   
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Production via misalignment mechanism
• After PQ symmetry breaking in early universe, 

axion takes random initial values in causally
connected domains

• Evolution frozen as long as

• Later, when , axion field starts to
oscillate around minimum of potential

• Equation of state like cold dark matter:

[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

[Wantz,Shellard `09]   
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Production via misalignment mechanism
• After PQ symmetry breaking in early universe, 

axion takes random initial values in causally
connected domains

• Evolution frozen as long as

• Later, when , axion field starts to
oscillate around minimum of potential 

• Equation of state like cold dark matter:
• Coherent, spatially uniform oscillations of axion

field = coherent state of non-relativistic axions
[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

[Wantz,Shellard `09]   
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Production via misalignment mechanism
• After PQ symmetry breaking in early universe, 

axion takes random initial values in causally
connected domains

• Evolution frozen as long as

• Later, when , axion field starts to
oscillate around minimum of potential; 

• Equation of state like cold dark matter:
• Coherent, spatially uniform oscillations of axion

field = coherent state of non-relativistic axions

• If PQ symmetry broken before or during infla-
tion and not restored afterwards: 

• QCD Axion:

[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]
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Production via misalignment mechanism
• After PQ symmetry breaking in early universe, 

axion takes random initial values in causally
connected domains

• Evolution frozen as long as

• Later, when , axion field starts to
oscillate around minimum of potential; 

• Equation of state like cold dark matter:
• Coherent, spatially uniform oscillations of axion

field = coherent state of non-relativistic axions

• If PQ symmetry broken before or during infla-
tion and not restored afterwards: 

• QCD Axion:

• Axion-Like Particle (ALP): 

[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]
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Searches for oscillating NEDMs 
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Searches for oscillating NEDMs 

• Axion has a UV-model-independent coupling to the EDM of the nucleon:
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Searches for oscillating NEDMs 

• Axion has a UV-model-independent coupling to the EDM of the nucleon:

[Pospelov,Ritz 00]
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Searches for oscillating NEDMs 

• Axion has a UV-model-independent coupling to the EDM of the nucleon:

• Oscillating axion DM field induces oscillating NEDMs:

[Pospelov,Ritz 00]
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Searches for oscillating NEDMs 

• Axion has a UV-model-independent coupling to the EDM of the nucleon:

• Oscillating axion DM field induces oscillating NEDMs:

• May search for axion DM by searching for oscillating NEDMs

[Pospelov,Ritz 00]

[Graham,Rajendran `11;`13]
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Search in ILL and PSI nEDM experiment data
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Search in ILL and PSI nEDM experiment data

• ALP dark matter has been searched for by analy-
sing the ratio of the spin-precession frequencies of
stored ultracold neutrons and atoms for an 
oscillating nEDM
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Search in ILL and PSI nEDM experiment data

• ALP dark matter has been searched for by analy-
sing the ratio of the spin-precession frequencies of
stored ultracold neutrons and atoms for an 
oscillating nEDM

• No signal consistent with DM has been observed
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Search in ILL and PSI nEDM experiment data

• ALP dark matter has been searched for by analy-
sing the ratio of the spin-precession frequencies of
stored ultracold neutrons and atoms for an 
oscillating nEDM

• No signal consistent with DM has been observed
in the data from the

• Sussex-RAL-ILL nEDM experiment, covering oscilla-
tion periods longer than days (long time-base)
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Search in ILL and PSI nEDM experiment data

• ALP dark matter has been searched for by analy-
sing the ratio of the spin-precession frequencies of
stored ultracold neutrons and atoms for an 
oscillating nEDM

• No signal consistent with DM has been observed
in the data from the

• Sussex-RAL-ILL nEDM experiment, covering oscilla-
tion periods longer than days (long time-base)

• PSI nEDM experiment, allowing to probe oscillation 
periods down to minutes (short time-base)
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Search in ILL and PSI nEDM experiment data

• ALP dark matter has been searched for by analy-
sing the ratio of the spin-precession frequencies of
stored ultracold neutrons and atoms for an 
oscillating nEDM

• No signal consistent with DM has been observed
in the data from the

• Sussex-RAL-ILL nEDM experiment, covering oscilla-
tion periods longer than days (long time-base)

• PSI nEDM experiment, allowing to probe oscillation 
periods down to minutes (short time-base)

• Can be turned into an exclusion region on the ALP 
nEDM coupling vs. its mass
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[adapted from https://github.com/cajohare/AxionLimits]
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Search in ILL and PSI nEDM experiment data

• ALP dark matter has been searched for by analy-
sing the ratio of the spin-precession frequencies of
stored ultracold neutrons and atoms for an 
oscillating nEDM

• No signal consistent with DM has been observed
in the data from the

• Sussex-RAL-ILL nEDM experiment, covering oscilla-
tion periods longer than days (long time-base)

• PSI nEDM experiment, allowing to probe oscillation 
periods down to minutes (short time-base)

• Can be turned into an exclusion region on the ALP 
nEDM coupling vs. its mass

• An ALP with an nEDM coupling in the excluded re-
gion is much lighter than a canonical QCD axion 
with the same nEDM coupling strength
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[adapted from https://github.com/cajohare/AxionLimits]
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Dedicated Nuclear Magnetic Resonance Searches [Graham,Rajendran 13; Budker et al. 14]
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Dedicated Nuclear Magnetic Resonance Searches 

• CASPEr-Electric currently being set-up in Boston 

[Graham,Rajendran 13; Budker et al. 14]
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Dedicated Nuclear Magnetic Resonance Searches 

• CASPEr-Electric currently being set-up in Boston 

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

[Budker et al. 14]

[Graham,Rajendran 13; Budker et al. 14]
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Dedicated Nuclear Magnetic Resonance Searches 

• CASPEr-Electric currently being set-up in Boston 

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

• Nuclear spins are polarised along , and precess
at Larmor frequency

[Budker et al. 14]

[Graham,Rajendran 13; Budker et al. 14]
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Dedicated Nuclear Magnetic Resonance Searches 

• CASPEr-Electric currently being set-up in Boston 

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

• Nuclear spins are polarised along , and precess
at Larmor frequency

• Interaction                     of DM induced NEDM with
the -field leads to resonant increase of trans-
verse magnetisation of sample when

[Budker et al. 14]

[Graham,Rajendran 13; Budker et al. 14]
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Dedicated Nuclear Magnetic Resonance Searches 

• CASPEr-Electric currently being set-up in Boston 

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

• Nuclear spins are polarised along , and precess
at Larmor frequency

• Interaction                     of DM induced NEDM with
the -field leads to resonant increase of trans-
verse magnetisation of sample when

• First demonstrator

[Graham,Rajendran 13; Budker et al. 14]
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Dedicated Nuclear Magnetic Resonance Searches 

• CASPEr-Electric currently being set-up in Boston 

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

• Nuclear spins are polarised along , and precess
at Larmor frequency

• Interaction                     of DM induced NEDM with
the -field leads to resonant increase of trans-
verse magnetisation of sample when

• First demonstrator observed no signal and thus
established bound on      

[Graham,Rajendran 13; Budker et al. 14]

[adapted from https://github.com/cajohare/AxionLimits]

[Aybas et al., arXiv:2101.01241]
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Dedicated Nuclear Magnetic Resonance Searches 

• CASPEr-Electric currently being set-up in Boston 

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

• Nuclear spins are polarised along , and precess
at Larmor frequency

• Interaction                     of DM induced NEDM with
the -field leads to resonant increase of trans-
verse magnetisation of sample when

• First demonstrator observed no signal and thus
established bound on

• An ALP with nEDM coupling in projected reach of 
Phase I is much lighter than a canonical QCD 
axion with the same nEDM coupling strength

[Graham,Rajendran 13; Budker et al. 14]

[adapted from https://github.com/cajohare/AxionLimits]

[Aybas et al., arXiv:2101.01241]
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Dedicated Nuclear Magnetic Resonance Searches 

• CASPEr-Electric currently being set-up in Boston 

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

• Nuclear spins are polarised along , and precess
at Larmor frequency

• Interaction                     of DM induced NEDM with
the -field leads to resonant increase of trans-
verse magnetisation of sample when

• First demonstrator observed no signal and thus
established bound on

• An ALP with nEDM coupling in projected reach of 
Phase I is much lighter than a canonical QCD 
axion with the same nEDM coupling strength

• Phase II and III will reach canonical QCD axion
sensitivity, if axions are 100% of DM 

[Graham,Rajendran 13; Budker et al. 14]

[adapted from https://github.com/cajohare/AxionLimits]

[Aybas et al., arXiv:2101.01241]
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Storage ring EDM method
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Storage ring EDM method

JEDY at COSY

First demonstrator experiment at COSY
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Storage ring EDM method
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[adapted from https://github.com/cajohare/AxionLimits]
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Storage ring EDM method

ALP with nEDM coupling in projected reach of storage ring 
EDM method is much lighter than a canonical QCD axion 
with the same nEDM coupling strength
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Down-tuning the axion mass?
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Down-tuning the axion mass?

• How can the QCD axion, at fixed , be much lighter than the canonical value: 
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• How can the QCD axion, at fixed , be much lighter than the canonical value: 

• Need further shift symmetry violating terms which almost cancel the one from QCD:
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Down-tuning the axion mass?

• How can the QCD axion, at fixed , be much lighter than the canonical value: 

• Need further shift symmetry violating terms which almost cancel the one from QCD:

• axion in mirror world extension of SM allows to achieve this in technically naturally manner
[Hook, arXiv:1802.10093]
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Down-tuning the axion mass?

• How can the QCD axion, at fixed , be much lighter than the canonical value: 

• Need further shift symmetry violating terms which almost cancel the one from QCD:

• axion in mirror world extension of SM allows to achieve this in technically naturally manner

• Extension of the SM by adding            copies of the SM that are interchanged under a        symmetry which is 
non-linearly realized by the axion field: 

[Hook, arXiv:1802.10093]
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ZN axion in mirror world extension of SM 

[Hook, arXiv:1802.10093]
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ZN axion in mirror world extension of SM 

• The most general Lagrangian implementing this symmetry describes      mirror worlds whose couplings take 
exactly the same values as in the SM, with the exception of the effective   -parameter: for each copy the 
effective    value is shifted by           with respect to that in the neighbour    sector,

[Hook, arXiv:1802.10093]
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ZN axion in mirror world extension of SM 

• The most general Lagrangian implementing this symmetry describes      mirror worlds whose couplings take 
exactly the same values as in the SM, with the exception of the effective   -parameter: for each copy the 
effective    value is shifted by           with respect to that in the neighbour    sector,

• Each            sector contributes to the axion potential, which in leading order chiral expansion reads

[Hook, arXiv:1802.10093]
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ZN axion in mirror world extension of SM 
• For      odd, strong CP problem solved: potential has     minima located at                             , for                

, , including the origin,  
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ZN axion in mirror world extension of SM 
• In the large     limit: 

• In particular:

• Mass exponentially smaller by factor                        as 
compared to the canonical axion mass        
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ZN axion in mirror world extension of SM 
• In the large     limit: 

• In particular:

• Mass exponentially smaller by factor                        as 
compared to the canonical axion mass

• Results in universal enhancement of all axion coup-
lings to the SM relative to those of the canonical QCD 
axion by a factor of

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]



Page 87

An Even Lighter QCD Axion

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 

ZN axion in mirror world extension of SM 
• In the large     limit: 

• In particular:

• Mass exponentially smaller by factor                        as 
compared to the canonical axion mass

• Results in universal enhancement of all axion coup-
lings to the SM relative to those of the canonical QCD 
axion by a factor of

• May be in reach of CASPEr-electric Phase I  if it can 
be 100% of dark matter

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]

[adapted from https://github.com/cajohare/AxionLimits]
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Dark matter production
• Peculiar temperature dependence of 

axion potential: DM produced by differ-
rent types of misalignment

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.01082]
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Dark matter production
• Peculiar temperature dependence of 

axion potential: DM produced by differ-
rent types of misalignment

• pure trapped 
• axion field first trapped in wrong mini-

mum (with                ) which effective-
ly delays the onset of the true oscilla-
tions and thus enhances the DM den-
sity

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.01082]
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Dark matter production
• Peculiar temperature dependence of 

axion potential: DM produced by differ-
rent types of misalignment

• pure trapped 
• axion field first trapped in wrong mini-

mum (with                ) which effective-
ly delays the onset of the true oscilla-
tions and thus enhances the DM den-
sity

• trapped + kinetic
• trapped misalignment sources recent-

ly proposed kinetic misalignment me-
chanism: a sizeable initial axion velo-
city is the source of the axion relic 
abundance as opposed to the con-
ventionally assumed initial misalign-
ment angle 

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.01082]
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Dark matter production
• Peculiar temperature dependence of 

axion potential: DM produced by differ-
rent types of misalignment

• pure trapped 
• axion field first trapped in wrong mini-

mum (with                ) which effective-
ly delays the onset of the true oscilla-
tions and thus enhances the DM den-
sity

• trapped + kinetic
• trapped misalignment sources recent-

ly proposed kinetic misalignment me-
chanism: a sizeable initial axion velo-
city is the source of the axion relic 
abundance as opposed to the con-
ventionally assumed initial misalign-
ment angle 

• simple ALP

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.01082]
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Searches based on photon coupling
• Huge discovery potential for light-shining through wall (ALPS II), helioscope (IAXO) and haloscope searches:  

N
=
3

N
=
13

N
=
23

N
=
33

IA
X
O

ADMX

Plasma haloscope

10�12 10�11 10�10 10�9 10�8 10�7 10�6 10�5 10�4 10�3 10�2 10�1

ma [eV]

CAST

ALPS II

ABRACADABRA

R
B

F
+

U
F

C
A

P
P

ORGAN

MADMAX

K
L
A

S
H

TOORAD

B
R
A
SS

D
A
N
C
E

aLIGO

Astrophysics BabyIAXOBabyIAXO

Neutron stars

A
D
B
C

1017

1016

1015

1014

1013

1012

1011

1010

109

108

107

↵
em

1.
92

2⇡
|g

a�
|
⇠

f a
[G

eV
]

10�20

10�19

10�18

10�17

10�16

10�15

10�14

10�13

10�12

10�11

10�10

10�9

|g
a�

|[
G

eV
�

1 ]

Axion 100% DM 

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.01082]
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Searches based on NEDM coupling
• Large discovery potential  for searches for oscillating NEDMs:  
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• QCD axion can be even lighter than canonical one
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• QCD axion can be even lighter than canonical one 

• All interactions of QCD axion are then universally enhanced relative to the canonical one with the same mass  
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• QCD axion can be even lighter than canonical one

• All interactions of QCD axion are then universally enhanced relative to the canonical one with the same mass  

• Experiments which were aiming to search for generic ALPs may in fact discover a true QCD axion candidate 
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Stellar constraints
• Duration of neutrino signal from Super-

nova 1987A

• Superradiance

• In stellar cores minimum of axion po-
tential may be shifted to    , leading to 
modifications  

• of nuclear processes in 
• Sun

• Neutron stars 
• Pulsars 

• in the orbital decay of binary systems 
(NS-NS or BH-NS) and subsequently 
in the emitted gravitational waves 
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[Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]

[Hook,Huang, 1708.08464; Huang et al., 1807.02133]

[Arvanitaki et al., 1004.3558; 1411.2263]

[Raffelt, hep-ph/0611350]
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Searches based on nucleon coupling
• Prospected sensitivity for searches for dark matter wind:  

Axion 100% DM [Di Luzio, Gavela, Quilez, AR, arXiv:2102.01082]
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