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Motivation

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

• Unraveling nature of dark matter (DM) most urgent 

problem of particle physics and cosmology 

• Non-observation of Weakly Interacting massive Par-

ticles (WIMPs) at LHC and in direct detection DM  ex-

periments strong motivation to focus also on alterna-

tive candidates, in particular to very Weakly Interac-
ting Slim Particles dubbed WISPs

• Particularly well motivated WISPs: Nambu-Goldstone 

bosons arising from the breaking of global symmet-
ries introduced to solve other problems, e.g. 

• Axion – breaking of Peccei-Quinn symmetry – solves 
strong CP problem

• Majoron – breaking of lepton symmetry – solves neutrino 
mass problem

• Flavon – breaking of flavor symmetry – solves flavor 
puzzles 

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

[Kim,Carosi 10]

[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,...; Arias et al. 12]

[Chikashige et al. 78; Gelmini,Roncadelli 80]

[Wilczek 82; Berezhiani,Khlopov 90]
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Strong CP Puzzle

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

• 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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Strong CP Puzzle

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

• Quantum Chromodynamics (QCD): [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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Strong CP Puzzle

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

• Quantum Chromodynamics (QCD): [Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]

Theta term in Quantum Chromodynamics

<latexit sha1_base64="56mMYK4vFoHiqxN30PXnwyydiHY="></latexit>

<latexit sha1_base64="/8jhPZ2sHMiqt6sDkLyrZnO1NDk="></latexit>
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Strong CP Puzzle

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

• 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>

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

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

• 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>

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

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

• 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

↵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>
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Strong CP Puzzle

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

• 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; prediction:

↵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="JjnrZ6wGyUGMQ+gveNXoFgaEz/w="></latexit>

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

<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>
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Strong CP Puzzle

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

• 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; prediction:

• Experiment: 

↵s

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

/ Ga
µ⌫G̃

a,µ⌫ / Ea ·Ba

[Baker et al. 06]

Theta term in Quantum Chromodynamics

<latexit sha1_base64="JjnrZ6wGyUGMQ+gveNXoFgaEz/w="></latexit>

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

<latexit sha1_base64="pv+nxEed+MNXQrxNPTDMgST0M3I=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSBaxLAbxAdYBG0sI5gHZGOYnZ1NhszMLjOzQtjsJ9j4KzYWitha2vk3Th6FJh64cDjnXu69x4sYVdq2v63MwuLS8kp2Nbe2vrG5ld/eqaswlpjUcMhC2fSQIowKUtNUM9KMJEHcY6Th9a9HfuOBSEVDcacHEWlz1BU0oBhpI3Xyh0O/I4bwEpZLF66mnCjo2PfJcfk0dYvELSau5BDztJMv2CV7DDhPnCkpgCmqnfyX64c45kRozJBSLceOdDtBUlPMSJpzY0UihPuoS1qGCmRWt5PxQyk8MIoPg1CaEhqO1d8TCeJKDbhnOjnSPTXrjcT/vFasg/N2QkUUayLwZFEQM6hDOEoH+lQSrNnAEIQlNbdC3EMSYW0yzJkQnNmX50m9XHLsknN7UqhcTePIgj2wD46AA85ABdyAKqgBDB7BM3gFb9aT9WK9Wx+T1ow1ndkFf2B9/gBr4prx</latexit>

<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>
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Strong CP Puzzle

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

• 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; prediction:

• Experiment: 

↵s

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

/ Ga
µ⌫G̃

a,µ⌫ / Ea ·Ba

[Baker et al. 06]

Theta term in Quantum Chromodynamics

<latexit sha1_base64="JjnrZ6wGyUGMQ+gveNXoFgaEz/w="></latexit>

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

<latexit sha1_base64="pv+nxEed+MNXQrxNPTDMgST0M3I=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSBaxLAbxAdYBG0sI5gHZGOYnZ1NhszMLjOzQtjsJ9j4KzYWitha2vk3Th6FJh64cDjnXu69x4sYVdq2v63MwuLS8kp2Nbe2vrG5ld/eqaswlpjUcMhC2fSQIowKUtNUM9KMJEHcY6Th9a9HfuOBSEVDcacHEWlz1BU0oBhpI3Xyh0O/I4bwEpZLF66mnCjo2PfJcfk0dYvELSau5BDztJMv2CV7DDhPnCkpgCmqnfyX64c45kRozJBSLceOdDtBUlPMSJpzY0UihPuoS1qGCmRWt5PxQyk8MIoPg1CaEhqO1d8TCeJKDbhnOjnSPTXrjcT/vFasg/N2QkUUayLwZFEQM6hDOEoH+lQSrNnAEIQlNbdC3EMSYW0yzJkQnNmX50m9XHLsknN7UqhcTePIgj2wD46AA85ABdyAKqgBDB7BM3gFb9aT9WK9Wx+T1ow1ndkFf2B9/gBr4prx</latexit>

<latexit sha1_base64="cfX4qscJ13/BZOWZj+iO3qKFfLU="></latexit>

<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>
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Axionic Solution of Strong CP Puzzle

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

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

<latexit sha1_base64="2/vYO2xyz4tQ9bo7vZz86OPfxEE=">AAACFHicbZA9SwNBEIb34leMX1FLm8UgRNB4JwG1i9hYKhgj5I6wt5lLluztnbtzYgj+CRv/io2Fiq2Fnf/GTUyhxhcGHt6ZYXfeMJXCoOt+Ormp6ZnZufx8YWFxaXmluLp2aZJMc6jzRCb6KmQGpFBQR4ESrlINLA4lNMLeybDfuAFtRKIusJ9CELOOEpHgDK3VKu742AVktHy7TX24zsQNPba8F7WOqS8Ube76qdixFRRooVUsuRV3JDoJ3hhKZKyzVvHDbyc8i0Ehl8yYpuemGAyYRsEl3BX8zEDKeI91oGlRsRhMMBhddUe3rNOmUaJtKaQj9+fGgMXG9OPQTsYMu+Zvb2j+12tmGB0GA6HSDEHx74eiTFJM6DAi2hYaOMq+Bca1sH+lvMs042iDHIbg/T15Eur7laOKd14t1arjNPJkg2ySMvHIAamRU3JG6oSTe/JInsmL8+A8Oa/O2/dozhnvrJNfct6/APAGm6s=</latexit> <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>

<latexit sha1_base64="c27LmS2SNYmEkV0mT0kbgU14poM="></latexit>

[Peccei,Quinn 77]

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

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

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

• Can eliminate QCD    -parameter

by shift

<latexit sha1_base64="2/vYO2xyz4tQ9bo7vZz86OPfxEE=">AAACFHicbZA9SwNBEIb34leMX1FLm8UgRNB4JwG1i9hYKhgj5I6wt5lLluztnbtzYgj+CRv/io2Fiq2Fnf/GTUyhxhcGHt6ZYXfeMJXCoOt+Ormp6ZnZufx8YWFxaXmluLp2aZJMc6jzRCb6KmQGpFBQR4ESrlINLA4lNMLeybDfuAFtRKIusJ9CELOOEpHgDK3VKu742AVktHy7TX24zsQNPba8F7WOqS8Ube76qdixFRRooVUsuRV3JDoJ3hhKZKyzVvHDbyc8i0Ehl8yYpuemGAyYRsEl3BX8zEDKeI91oGlRsRhMMBhddUe3rNOmUaJtKaQj9+fGgMXG9OPQTsYMu+Zvb2j+12tmGB0GA6HSDEHx74eiTFJM6DAi2hYaOMq+Bca1sH+lvMs042iDHIbg/T15Eur7laOKd14t1arjNPJkg2ySMvHIAamRU3JG6oSTe/JInsmL8+A8Oa/O2/dozhnvrJNfct6/APAGm6s=</latexit> <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>

<latexit sha1_base64="c27LmS2SNYmEkV0mT0kbgU14poM="></latexit>

[Peccei,Quinn 77]

<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
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• Add to SM Nambu-Goldstone field,                                              , respecting a non-linearly realized             
symmetry (                                ), broken 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 vanishing vev,                     
No strong CP violation in vacuum

<latexit sha1_base64="2/vYO2xyz4tQ9bo7vZz86OPfxEE=">AAACFHicbZA9SwNBEIb34leMX1FLm8UgRNB4JwG1i9hYKhgj5I6wt5lLluztnbtzYgj+CRv/io2Fiq2Fnf/GTUyhxhcGHt6ZYXfeMJXCoOt+Ormp6ZnZufx8YWFxaXmluLp2aZJMc6jzRCb6KmQGpFBQR4ESrlINLA4lNMLeybDfuAFtRKIusJ9CELOOEpHgDK3VKu742AVktHy7TX24zsQNPba8F7WOqS8Ube76qdixFRRooVUsuRV3JDoJ3hhKZKyzVvHDbyc8i0Ehl8yYpuemGAyYRsEl3BX8zEDKeI91oGlRsRhMMBhddUe3rNOmUaJtKaQj9+fGgMXG9OPQTsYMu+Zvb2j+12tmGB0GA6HSDEHx74eiTFJM6DAi2hYaOMq+Bca1sH+lvMs042iDHIbg/T15Eur7laOKd14t1arjNPJkg2ySMvHIAamRU3JG6oSTe/JInsmL8+A8Oa/O2/dozhnvrJNfct6/APAGm6s=</latexit> <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>

<latexit sha1_base64="c27LmS2SNYmEkV0mT0kbgU14poM="></latexit>

[Peccei,Quinn 77]

<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>

[Vafa,Witten 84]

In a nutshell: replace theta parameter by dynamical theta field

<latexit sha1_base64="+uIf4fUnxKVA4MDXOXGOzv1SLfU=">AAACMXicbVDLSgNBEJz17fqKevTSGAQvhl0R1IMgeNGbolEhG0LvbCcOzs6u8xBC8Ju8+CWCBz2oePUn3DwEjRY01FR1M90V51IYGwTP3sjo2PjE5NS0PzM7N79QWlw6N5nTnKo8k5m+jNGQFIqqVlhJl7kmTGNJF/H1Qde/uCVtRKbObDuneootJZqCoy2kRukoOhWtFCGiGyduYSOSqFqSIIpRgwMX6f57b8hKIPm2fB/AB79RKgeVoAf4S8IBKbMBjhulxyjJuEtJWS7RmFoY5LbeQW0Fl3TnR85QjvwaW1QrqMKUTL3TO/kO1golgWami1IWeurPiQ6mxrTTuOhM0V6ZYa8r/ufVnG3u1DtC5c6S4v2Pmk6CzaCbHyRCE7eyXRDkWhS7Ar9CjdwWKXdDCIdP/kuqm5XdSniyVd7fGqQxxVbYKltnIdtm++yQHbMq4+yePbFX9uY9eC/eu/fRbx3xBjPL7Be8zy+Oxqa5</latexit>

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

<latexit sha1_base64="of35sCfJyPJOXBMsrvZuyHvx3b4="></latexit>
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• Add to SM Nambu-Goldstone field,                                              , respecting a non-linearly realized             
symmetry (                                ), broken 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 vanishing vev,                     
No strong CP violation in vacuum

• Particle excitation: pseudo Nambu-Goldstone boson “axion”

• Topological susceptibility in QCD,                                   , determines mass in units of decay constant:

• Recent precise determination (ChPT; lattice QCD): 

<latexit sha1_base64="2/vYO2xyz4tQ9bo7vZz86OPfxEE=">AAACFHicbZA9SwNBEIb34leMX1FLm8UgRNB4JwG1i9hYKhgj5I6wt5lLluztnbtzYgj+CRv/io2Fiq2Fnf/GTUyhxhcGHt6ZYXfeMJXCoOt+Ormp6ZnZufx8YWFxaXmluLp2aZJMc6jzRCb6KmQGpFBQR4ESrlINLA4lNMLeybDfuAFtRKIusJ9CELOOEpHgDK3VKu742AVktHy7TX24zsQNPba8F7WOqS8Ube76qdixFRRooVUsuRV3JDoJ3hhKZKyzVvHDbyc8i0Ehl8yYpuemGAyYRsEl3BX8zEDKeI91oGlRsRhMMBhddUe3rNOmUaJtKaQj9+fGgMXG9OPQTsYMu+Zvb2j+12tmGB0GA6HSDEHx74eiTFJM6DAi2hYaOMq+Bca1sH+lvMs042iDHIbg/T15Eur7laOKd14t1arjNPJkg2ySMvHIAamRU3JG6oSTe/JInsmL8+A8Oa/O2/dozhnvrJNfct6/APAGm6s=</latexit> <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>

<latexit sha1_base64="c27LmS2SNYmEkV0mT0kbgU14poM="></latexit>

[Peccei,Quinn 77]

<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>

[Vafa,Witten 84]

<latexit sha1_base64="tC0ttKvaQmpSN/6l4vRC7cEx1yY=">AAACGXicbVBNTwIxEO3iF65fqx69NBITuJBdQ6LeSLx4xESEhEXSLQM0dLtL2yUQwu/w4l/x4kGNRz35bywLBwVf0uT1vZnMzAtizpR23W8rs7a+sbmV3bZ3dvf2D5zDo3sVJZJClUY8kvWAKOBMQFUzzaEeSyBhwKEW9K9nfm0IUrFI3OlxDM2QdAXrMEq0kVqOZ/u0x7APg4QNsc+Exu2H0gj7nIguBzzIjwqDvFvwZfq3sd1ycm7RTYFXibcgObRApeV8+u2IJiEITTlRquG5sW5OiNSMcpjafqIgJrRPutAwVJAQVHOSnjbFZ0Zp404kzTO7pervjgkJlRqHgakMie6pZW8m/uc1Et25bE6YiBMNgs4HdRKOdYRnOeE2k0A1HxtCqGRmV0x7RBKqTZqzELzlk1dJ9bx4VfRuS7lyaZFGFp2gU5RHHrpAZXSDKqiKKHpEz+gVvVlP1ov1bn3MSzPWoucY/YH19QONxJ40</latexit>

<latexit sha1_base64="KGGifWwx4lIn71/RDO42P5Zme3E=">AAACBHicbVBNS8NAEN34WeNX1KMeFovgqSZSUA9CixePFYwtNCFstpt26e4m7m6EEnLx4l/x4kHFqz/Cm//GtM1BWx8MPN6bYWZemDCqtG1/GwuLS8srq5U1c31jc2vb2tm9U3EqMXFxzGLZCZEijAriaqoZ6SSSIB4y0g6HV2O//UCkorG41aOE+Bz1BY0oRrqQAuuAB014CTNP3UudeXhA8/wki4JmbkIzsKp2zZ4AzhOnJFVQohVYX14vxiknQmOGlOo6dqL9DElNMSO56aWKJAgPUZ90CyoQJ8rPJl/k8KhQejCKZVFCw4n6eyJDXKkRD4tOjvRAzXpj8T+vm+ro3M+oSFJNBJ4uilIGdQzHkcAelQRrNioIwpIWt0I8QBJhXQQ3DsGZfXmeuKe1i5pzU6826mUaFbAPDsExcMAZaIBr0AIuwOARPINX8GY8GS/Gu/ExbV0wypk98AfG5w/5GJca</latexit>

[Grilli di Cortona et al.  `16;
Borsanyi et al. `16; 
Gorghetto, Villadoro `19]

[Weinberg 78; Wilczek 78]

In a nutshell: replace theta parameter by dynamical theta field
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• A singlet complex scalar field   , featuring a spontane-
ously broken global              symmetry 

• Particle excitations:

• Mass of particle excitation of modulus: 
• Mass of particle excitation of phase:

Simple way to get dynamical theta field

U(1)PQ

<latexit sha1_base64="+46z5yWjntHkQsFl1z1sxnX4s18="></latexit>

[Raffelt]
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Peccei-Quinn Extension of Standard Model

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

• A singlet complex scalar field   , featuring a spontane-
ously broken global              symmetry 

• Particle excitations:

• Mass of particle excitation of modulus: 
• Mass of particle excitation of phase:

• Coloured fermions carry PQ charges such that             
is broken due to gluonic triangle anomaly:

Simple way to get dynamical theta field

U(1)PQ

<latexit sha1_base64="+46z5yWjntHkQsFl1z1sxnX4s18="></latexit>

U(1)PQ

<latexit sha1_base64="JLT5E5gSivbYYK2a05jN/83jTK0="></latexit>
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Peccei-Quinn Extension of Standard Model

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

• A singlet complex scalar field   , featuring a spontane-
ously broken global              symmetry 

• Particle excitations:

• Mass of particle excitation of modulus: 
• Mass of particle excitation of phase:

• Coloured fermions carry PQ charges such that             
is broken due to gluonic triangle anomaly:

• Low energy effective field theory at energies above                   
but below                  :          

Simple way to get dynamical theta field

U(1)PQ

<latexit sha1_base64="+46z5yWjntHkQsFl1z1sxnX4s18="></latexit>

U(1)PQ

<latexit sha1_base64="JLT5E5gSivbYYK2a05jN/83jTK0="></latexit>

<latexit sha1_base64="+8TKP/2P4BZjGUxjKdVUdmycSz8="></latexit>

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

[Kim 79;Shifman,Vainshtein,Zakharov 
80;Zhitnitsky 80;Dine,Fischler,Srednicki 81;...]
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Peccei-Quinn Extension of Standard Model

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

Axion couplings to SM at  energies below QCD scale

• Axion mass: 

• Couplings of axion to SM suppressed by powers of

rendering the axion „invisible“    

• Photon coupling:

• Nucleon couplings:

• Electron coupling very model-dependent

[Grilli di Cortona et al.  `16 ;
Borsanyi et al. `16;
Gorghetto,Villadoro `19]

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

[Kaplan 85;Srednicki `85]

[Grilli di Cortona et al. `16]
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Astrophysical Axion Bounds

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

Stellar energy loss constraints
• Evolution of stars (Main Sequence – Red-Giant (RG) – Helium Burning (HB) – White Dwarf (WD)) sensitive 

to additional energy losses

[Copyright Addison Wesley]   
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Astrophysical Axion Bounds

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

H
He

C O

Asymptotic Giant

H

He

Red Giant

H
He

Horizontal Branch

H

Main-Sequence

Particle emission
delays He ignition, i.e.
core mass increased

Particle emission reduces
helium burning lifetime,
i.e. number of  HB stars

[Raffelt 14]   
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Astrophysical Axion Bounds

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

Stellar energy loss constraints
• RG cooling rate: Brightness of tip of RG branch in color-magnitude diagram of globular cluster

• HB cooling rate: Number of HB stars vs. number of RGs in color-magnitude diagram of globular cluster

• WD cooling rate: White dwarf luminosity function (WDLF)

[Viaux et al. 13]   

[Ayala et al. 14]   

[Isern et al. 08-12]   
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Astrophysical Axion Bounds

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

Stellar energy loss constraints
• RG cooling rate: Brightness of tip of RG branch in color-magnitude diagram of globular cluster

• HB cooling rate: Number of HB stars vs. number of RGs in color-magnitude diagram of globular cluster

• WD cooling rate: White dwarf luminosity function (WDLF)

• Axion is a WISPy Dark Matter candidate: very light and very weakly interacting, since

[Viaux et al. 13]   

[Ayala et al. 14]   

[Isern et al. 08-12]   
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Axion Dark Matter

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

Vacuum re-alignment mechanism

• PQ phase transition takes place at

• Axion takes random initial values in causally
connected domains

[Turner `86]
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Axion Dark Matter

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

Vacuum re-alignment mechanism

• PQ phase transition takes place at

• Axion takes random initial values in causally
connected domains

• When , axion field starts to
oscillate around minimum of potential; be-
haves like cold dark matter:
[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

[Wantz,Shellard `09]   
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Axion Dark Matter

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

Vacuum re-alignment mechanism

• PQ phase transition takes place at

• Axion takes random initial values in causally
connected domains

• When , axion field starts to
oscillate around minimum of potential; be-
haves like cold dark matter:

• QCD input from lattice: 

• Equation of state

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

<latexit sha1_base64="ROkI8tpjUJ8/EnyTGptrnNIBDgk=">AAAB/HicbVDLSsNAFJ34rPEV7dLNYBHqpiQi6LLopssqfUEbymQ6aYdOZsLMRAmh/oobF4q49UPc+TdO2iy09cCFwzn3cu89Qcyo0q77ba2tb2xubZd27N29/YND5+i4o0QiMWljwYTsBUgRRjlpa6oZ6cWSoChgpBtMb3O/+0CkooK3dBoTP0JjTkOKkTbS0CkP7ul4opGU4hE2qq1z27aHTsWtuXPAVeIVpAIKNIfO12AkcBIRrjFDSvU9N9Z+hqSmmJGZPUgUiRGeojHpG8pRRJSfzY+fwTOjjGAopCmu4Vz9PZGhSKk0CkxnhPRELXu5+J/XT3R47WeUx4kmHC8WhQmDWsA8CTiikmDNUkMQltTcCvEESYS1ySsPwVt+eZV0LmqeW/PuLiv1myKOEjgBp6AKPHAF6qABmqANMEjBM3gFb9aT9WK9Wx+L1jWrmCmDP7A+fwAgFZMZ</latexit>

[Borsanyi et al., Nature `16 [1606.0794]]
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Axion Dark Matter

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

Vacuum re-alignment mechanism

• PQ phase transition takes place at

• Axion takes random initial values in causally
connected domains

• When , axion field starts to
oscillate around minimum of potential; be-
haves like cold dark matter:

• QCD input from lattice: 

• Equation of state

• Topological susceptibility

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

<latexit sha1_base64="ROkI8tpjUJ8/EnyTGptrnNIBDgk=">AAAB/HicbVDLSsNAFJ34rPEV7dLNYBHqpiQi6LLopssqfUEbymQ6aYdOZsLMRAmh/oobF4q49UPc+TdO2iy09cCFwzn3cu89Qcyo0q77ba2tb2xubZd27N29/YND5+i4o0QiMWljwYTsBUgRRjlpa6oZ6cWSoChgpBtMb3O/+0CkooK3dBoTP0JjTkOKkTbS0CkP7ul4opGU4hE2qq1z27aHTsWtuXPAVeIVpAIKNIfO12AkcBIRrjFDSvU9N9Z+hqSmmJGZPUgUiRGeojHpG8pRRJSfzY+fwTOjjGAopCmu4Vz9PZGhSKk0CkxnhPRELXu5+J/XT3R47WeUx4kmHC8WhQmDWsA8CTiikmDNUkMQltTcCvEESYS1ySsPwVt+eZV0LmqeW/PuLiv1myKOEjgBp6AKPHAF6qABmqANMEjBM3gFb9aT9WK9Wx+L1jWrmCmDP7A+fwAgFZMZ</latexit>

[Borsanyi et al., Nature `16 [1606.0794]]
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<latexit sha1_base64="imnYfAHbSMeWGFnUXl5iXM41JUI=">AAACGXicbVDJSgNBEO2JW4zbqEcvjUGIlzAjgl6ERC8eo2SDTBh6Oj1Jk57F7holDPMbXvwVLx4U8agn/8bOctDEBwWP96qoqufFgiuwrG8jt7S8srqWXy9sbG5t75i7e00VJZKyBo1EJNseUUzwkDWAg2DtWDISeIK1vOHV2G/dM6l4FNZhFLNuQPoh9zkloCXXtJxb3h8AkTJ6wIFbLdWP8QV2fElo6qg7CalDBxxrOctS361mrlm0ytYEeJHYM1JEM9Rc89PpRTQJWAhUEKU6thVDNyUSOBUsKziJYjGhQ9JnHU1DEjDVTSefZfhIKz3sR1JXCHii/p5ISaDUKPB0Z0BgoOa9sfif10nAP++mPIwTYCGdLvITgSHC45hwj0tGQYw0IVRyfSumA6JTAR1mQYdgz7+8SJonZdsq2zenxcrlLI48OkCHqIRsdIYq6BrVUANR9Iie0St6M56MF+Pd+Ji25ozZzD76A+PrByHKn8A=</latexit>
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Axion Dark Matter

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

Pre-inflationary PQ SSB scenario

• If PQ symmetry broken before or during inflation
(                       )  and not restored afterwards

• Axion CDM density depends on single initial value
in patch which becomes observable universe and

<latexit sha1_base64="dBAIXjhrx9+Age/GDNqeSp4v4o8=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBahXmpSBPVSKl7qrYKxhTaEzXbTLt18sLsplNB/4sWDild/ijf/jds2B219MPB4b4aZeX7CmVSW9W0U1tY3NreK26Wd3b39A/Pw6EnGqSDUITGPRcfHknIWUUcxxWknERSHPqdtf3Q389tjKiSLo0c1Sagb4kHEAkaw0pJnmoF3i+qo6d1fVGq9hJ17ZtmqWnOgVWLnpAw5Wp751evHJA1ppAjHUnZtK1FuhoVihNNpqZdKmmAywgPa1TTCIZVuNr98is600kdBLHRFCs3V3xMZDqWchL7uDLEaymVvJv7ndVMVXLsZi5JU0YgsFgUpRypGsxhQnwlKFJ9ogolg+lZEhlhgonRYJR2CvfzyKnFq1Zuq/XBZbtTzNIpwAqdQARuuoAFNaIEDBMbwDK/wZmTGi/FufCxaC0Y+cwx/YHz+APZJkXY=</latexit>

[Saikawa]   
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Axion Dark Matter
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Pre-inflationary PQ SSB scenario

• If PQ symmetry broken before or during inflation
(                       )  and not restored afterwards

• Axion CDM density depends on single initial value
in patch which becomes observable universe and

<latexit sha1_base64="dBAIXjhrx9+Age/GDNqeSp4v4o8=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBahXmpSBPVSKl7qrYKxhTaEzXbTLt18sLsplNB/4sWDild/ijf/jds2B219MPB4b4aZeX7CmVSW9W0U1tY3NreK26Wd3b39A/Pw6EnGqSDUITGPRcfHknIWUUcxxWknERSHPqdtf3Q389tjKiSLo0c1Sagb4kHEAkaw0pJnmoF3i+qo6d1fVGq9hJ17ZtmqWnOgVWLnpAw5Wp751evHJA1ppAjHUnZtK1FuhoVihNNpqZdKmmAywgPa1TTCIZVuNr98is600kdBLHRFCs3V3xMZDqWchL7uDLEaymVvJv7ndVMVXLsZi5JU0YgsFgUpRypGsxhQnwlKFJ9ogolg+lZEhlhgonRYJR2CvfzyKnFq1Zuq/XBZbtTzNIpwAqdQARuuoAFNaIEDBMbwDK/wZmTGi/FufCxaC0Y+cwx/YHz+APZJkXY=</latexit>
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[Borsanyi et al., Nature `16]
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Axion Dark Matter

| Axion Dark Matter | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 Septembber 2019

Pre-inflationary PQ SSB scenario

• If PQ symmetry broken before or during inflation
(                       )  and not restored afterwards

• Axion CDM density depends on single initial value
in patch which becomes observable universe and

• Upper bound on scale of inflation from isocurvature
fluctuations produced by the axion during inflation
and not erased afterwards:

• VR works also for ALP (mass ind. of decay const.):

<latexit sha1_base64="dBAIXjhrx9+Age/GDNqeSp4v4o8=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBahXmpSBPVSKl7qrYKxhTaEzXbTLt18sLsplNB/4sWDild/ijf/jds2B219MPB4b4aZeX7CmVSW9W0U1tY3NreK26Wd3b39A/Pw6EnGqSDUITGPRcfHknIWUUcxxWknERSHPqdtf3Q389tjKiSLo0c1Sagb4kHEAkaw0pJnmoF3i+qo6d1fVGq9hJ17ZtmqWnOgVWLnpAw5Wp751evHJA1ppAjHUnZtK1FuhoVihNNpqZdKmmAywgPa1TTCIZVuNr98is600kdBLHRFCs3V3xMZDqWchL7uDLEaymVvJv7ndVMVXLsZi5JU0YgsFgUpRypGsxhQnwlKFJ9ogolg+lZEhlhgonRYJR2CvfzyKnFq1Zuq/XBZbtTzNIpwAqdQARuuoAFNaIEDBMbwDK/wZmTGi/FufCxaC0Y+cwx/YHz+APZJkXY=</latexit>

[Wilczek,Turner `91; Beltran,Garcia-Bellido,Lesgourges 06; 
Hertzberg,Tegmark,Wilczek 08; Visinelli,Gondolo 09; 
Hamann et al. 09; Wantz,Shellard 09]

<latexit sha1_base64="ORc0iHq91//QpQEwzjn2/SxmACk="></latexit>



Page 31

Axion Dark Matter
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Post-inflationary PQ SSB scenario

• Averaging over random initial axion field values

• Does not exceed  observed CDM abundance for

<latexit sha1_base64="8wTkNute1rraEhXmSFXbmRr9zsY=">AAACBnicbVDLSsNAFJ3UV42vqEsRBotQQUpSBLuSqhuXFewDmhAm00k7dCYJMxOhhK7c+CtuXCji1m9w5984abPQ6oELh3Pu5d57goRRqWz7yygtLa+srpXXzY3Nre0da3evI+NUYNLGMYtFL0CSMBqRtqKKkV4iCOIBI91gfJ373XsiJI2jOzVJiMfRMKIhxUhpybcOTZP7l/AC1hvV+ol76vI0cwWHpDM1TdO3KnbNngH+JU5BKqBAy7c+3UGMU04ihRmSsu/YifIyJBTFjExNN5UkQXiMhqSvaYQ4kV42e2MKj7UygGEsdEUKztSfExniUk54oDs5UiO56OXif14/VWHDy2iUpIpEeL4oTBlUMcwzgQMqCFZsognCgupbIR4hgbDSyeUhOIsv/yWdes2xa87tWaV5VcRRBgfgCFSBA85BE9yAFmgDDB7AE3gBr8aj8Wy8Ge/z1pJRzOyDXzA+vgF0j5VL</latexit>

[Saikawa]   

[Borsanyi et al., Nature `16 [1606.0794]]
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Post-inflationary PQ SSB scenario

• Averaging over random initial axion field values

• Does not exceed  observed CDM abundance for

• Axions also produced by collapse of network of 
topological defects – strings and domain-walls –

• Axion can be 100% of DM for

<latexit sha1_base64="8wTkNute1rraEhXmSFXbmRr9zsY=">AAACBnicbVDLSsNAFJ3UV42vqEsRBotQQUpSBLuSqhuXFewDmhAm00k7dCYJMxOhhK7c+CtuXCji1m9w5984abPQ6oELh3Pu5d57goRRqWz7yygtLa+srpXXzY3Nre0da3evI+NUYNLGMYtFL0CSMBqRtqKKkV4iCOIBI91gfJ373XsiJI2jOzVJiMfRMKIhxUhpybcOTZP7l/AC1hvV+ol76vI0cwWHpDM1TdO3KnbNngH+JU5BKqBAy7c+3UGMU04ihRmSsu/YifIyJBTFjExNN5UkQXiMhqSvaYQ4kV42e2MKj7UygGEsdEUKztSfExniUk54oDs5UiO56OXif14/VWHDy2iUpIpEeL4oTBlUMcwzgQMqCFZsognCgupbIR4hgbDSyeUhOIsv/yWdes2xa87tWaV5VcRRBgfgCFSBA85BE9yAFmgDDB7AE3gBr8aj8Wy8Ge/z1pJRzOyDXzA+vgF0j5VL</latexit>

[Hiramatsu et al. ]   

[Borsanyi et al., Nature `16 [1606.0794]]

[Hiramatsu et al. 11,12,13; 
Kawasaki,Saikawa,Segikuchi 15;
Ballesteros et al. 16; 
AR,Saikawa `16; 
Klaer,Moore `17; 
Gorghetto,Hardy,Villadoro `18;
Buschmann et al. 19;
Hindmarsh 19]
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• DM axion mass spans a huge range: 
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Summary
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• “Axion revelation“: DM axion mass starts right at border of stellar energy loss exclusion bounds:

• Many experiments are running/planned which probe a large region of relevant DM parameter space


